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Abstract 
Additive manufacturing (AM), defined as a process of joining materials to make parts 
from three dimensional (3D) model data, usually layer upon layer, as opposed to 
subtractive and formative manufacturing methodologies, has been recognized globally 
as a group of revolutionary near-net-shape or net-shape fabrication technologies. AM 
offers advantages of more freedom in design, lower buy-to-fly ratio and shorter lead 
times. Selective electron beam melting (SEBM) is a powder-bed-fusion-based AM 
process, developed by Arcam AB in Sweden in 2002, which offers high energy 
efficiency and power density, rapid scan speed and unique capability of manufacturing 
high reactive metals such as titanium (Ti) due to the vacuum build chamber involved. 
Although much research has been devoted to the SEBM of Ti alloys, particularly Ti-
6Al-4V, current understanding of the mechanical performance of SEBM-fabricated Ti 
components is still limited in a number of aspects. This thesis aims at enhancing the 
current understanding of the AM process of Ti and Ti alloys by SEBM in the following 
four aspects.  
 Manipulation and characterization of a novel Ti powder precursor for SEBM 
applications 
A low-cost novel Ti powder precursor (sponge Ti particles) has been manipulated using 
a proprietary powder manipulation technology (PMT) in order to produce a low-cost, 
nearly spherical Ti powder for SEBM applications. Research has shown that the PMT 
is capable of producing more than 50 wt.% of nearly spherical Ti powder in the size 
range of 45–106 μm (usable for SEBM) and about 30 wt.% of less than 45 μm of nearly 
spherical powder (usable for AM by cold spray processes). PMT-processed Ti powder 
with a size range of 75–106 μm exhibited similar flowability and spreadability to those 
of recycled Arcam Ti-6Al-4V powder when assessed in an external Arcam powder bed 
evaluation system. Cubic samples were built with the PMT-processed Ti powder using 
an Arcam A1 SEBM system under different SEBM parameters. The resulting density, 
surface conditions and microstructures of the as-built samples were investigated. It was 
concluded that through appropriate modification of the SEBM parameters in 
conjunction with the use of suitable melt strategies, it is feasible to produce quality 
samples with the newly developed low-cost nearly spherical Ti powder. This research 
demonstrates the potential of developing low-cost feedstock powder for AM by SEBM. 
ii
 Positional dependence of microstructure and tensile properties of a thick Ti-
6Al-4V block additively manufactured by SEBM 
Limited information exists in the open literature about the microstructure and 
mechanical properties of SEBM-fabricated thick-section (≥25.4 mm) Ti-6Al-4V 
samples or parts, while thick sections are involved in many components for structural 
applications. A systematic study has been made of the positional dependence of the 
microstructure and tensile properties of a 34mm-thick Ti-6Al-4V block additively 
manufactured by SEBM. Marginally graded microstructures were observed along the 
build direction and from the side surface to the centre. Abnormally coarse α laths, thick 
and tortuous grain boundary α phase, and massive α phase transformation products  
were observed. To assess the tensile properties, a total of 27 tensile samples were 
prepared from nine different heights of the block sample, and all samples satisfied the 
minimum requirements for mill-annealed Ti-6Al-4V, irrespective of their positions in 
the thick block. This conclusion demonstrates the capabilities of SEBM in producing 
quality thick-section Ti-6Al-4V components. A range of other revealing observations 
were documented and discussed.   
 The influence of as-built surface conditions and hot isostatic pressing (HIP) on 
tensile and fatigue properties of SEBM Ti-6Al-4V  
Achieving a high surface finish is a major challenge for most current metal AM 
processes. A quantitative study has been made of the influence of as-built surface 
conditions on the tensile and fatigue properties of Ti-6Al-4V produced by SEBM as 
compared to acid-etched and machined conditions. The experimental results indicate 
that chemical etching can double tensile elongation and noticeably improve tensile 
strengths due to improved surface finish. However, the fatigue strength remained to be 
much inferior to that of mill-annealed Ti-6Al-4V due to residual surface defects. 
Consequently, it remains challenging to modify the as-built surfaces of SEBM-
fabricated components for fatigue-critical structural applications, particularly for those 
components which contain deep and narrow internal channels and complex concave 
and convex surfaces. 
HIP was employed to enhance the fatigue properties of SEBM-fabricated Ti-6Al-4V. 
Samples with different surface conditions (as-built, etched, machined and insufficiently 
machined) were subjected to HIP and their fatigue properties were evaluated under 
iii
uniaxial tensile loading conditions. Although HIP can effectively improve the fatigue 
performance by healing most internal defects (i.e. pores and lack-of-fusion defects), it 
was found that surface defects played a more decisive role than internal defects in 
determining the fatigue properties of HIP-processed SEBM Ti-6Al-4V samples. It is 
expected that the fatigue properties of additively manufactured Ti-6Al-4V will continue 
to be a subject of considerable research in the near future.    
 The electrochemical responses of Ti-6Al-4V alloy manufactured by seven 
different processes including SEBM in Hank’s solution at 37oC  
Considering the increasing applications of additively manufactured Ti-6Al-4V implants, 
an in-depth understanding of the bio-corrosion performance of additively manufactured 
Ti-6Al-4V is necessary. For this reasons, samples of Ti-6Al-4V were manufactured by 
seven different processes, including SEBM, SEBM + HIP, selective laser beam melting 
(SLM), SLM + HIP, casting, mill-annealing, and spark plasma sintering (SPS). A 
comparative study was then made of the corrosion characteristics of these samples via 
the potentiodynamic polarization tests in Hank’s solution at 37oC. The microstructural 
features of each group of samples were characterized prior to corrosion.  The corroded 
surfaces including the corrosion products were analysed. Owing to different 
microstructures, Ti-6Al-4V samples manufactured by different processes showed 
distinctly different polarization responses. The order of corrosion resistance was found 
to be: SLM > mill-annealed > SLM + HIP > SEBM > SEBM + HIP ≫ Cast ≫ SPS. 
The point defect model was used to interpret the different corrosion responses. The 
findings of this research provide a different perspective for the selection of 
manufacturing process for Ti-6Al-4V for bone implant applications. 
 
Keywords: Ti-6Al-4V, additive manufacturing, selective electron beam melting 
(SEBM), microstructure, tensile properties, fatigue properties, powder manipulation, 
surface condition, bio-corrosion resistance 
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Fig. 3.2.3 Top surface morphologies of SEBM-fabricated PMT Ti samples using 
different focus offsets. 
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Fig. 3.2.10 Microstructures of double-melt PMT Ti samples before (a, a՛) and after HIP 
(b, b՛). (a՛) and (b՛) are enlarged views of areas marked out in (a) and (b), respectively. 
The arrows in (a) and (b) indicate the build direction.   
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tortuous GB α. (C3-2) A partially decomposed bulky α phase in a prior- columnar 
grain. (C7) An essentially decomposed bulky α phase in a prior- columnar grain. 
xvii
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Defect size (maximum length) distribution.  
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Fig. 5.1.5 Tensile fracture surfaces of SEBM-fabricated Ti-6Al-4V: (a) as-built; (b) 
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microcracks observed in the boxed areas shown in (a). 
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Fig. 5.2.5 FESEM fracture surfaces of the SEBM-fabricated Ti-6Al-4V fatigue 
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specimens after HIP. (a) Surface-etched. (b) Machined from as-fabricated dog-bone 
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  Introduction 
 Background 
Additive manufacturing (AM), defined as a process of joining materials to make parts 
from three dimensional (3D) model data, usually layer upon layer, as opposed to 
subtractive manufacturing and formative manufacturing methodologies as per ASTM 
F2792-12a [1], has transformed from a prototyping technology to a rapid manufacturing 
process over the past decades [2]. AM offers many unprecedented advantages versus 
traditional manufacturing approaches, such as more freedom in design, lower buy-to-
fly ratio and shorter lead time, and has witnessed rapid growth [3]. Recent reviews by 
Qian et al. [4] and by Lewandowski and Seifi [5] classified the various metal AM 
processes into different categories based on energy source, feedstock form and additive 
method. The powder bed fusion branch is distinguished from other ones by its capability 
to fabricate components with overhang surfaces and/or intricate structures as well as 
good surface finish and dimension accuracy [6]. 
Selective electron beam melting (SEBM) commercialized by Arcam AB Company 
belongs to the powder bed fusion branch. Compared to selective laser melting (SLM) 
which operates at room temperature in an inert environment, SEBM proceeds in a high 
temperature powder bed (e.g. 730 oC for Ti-6Al-4V) under vacuum conditions, and is 
particularly suited to fabricating Ti & Ti alloys and other active metal materials. SEBM 
also provides easier scanning control by electromagnetic coil without inertia (vs.  SLM 
controlled by mirror with inertia) [7]. The higher beam energy allows SEBM to use 
coarser powder (~ 180 μm) compared to SLM (~ 50 μm). Furthermore, the high 
temperature powder bed also helps to release the thermal stress accumulated during the 
building process for intermetallic materials like titanium aluminide [8-10].  
In the AM community, AM of Ti alloys, Ti-6Al-4V in particular, has attracted 
tremendous attention due to many reasons: (i) Ti alloys have excellent specific 
mechanical properties, high corrosion resistance and good biocompatibility; (ii) poor 
workability/machinability of Ti alloys and therefore low buy-to-fly ratio by traditional 
subtractive manufacturing make the final cost beyond general acceptance; and (iii) AM 
of Ti alloys offers a lower waste percentage, shorter lead time and less even no need of 
machining [11, 12]. To date, much effort has been made to understand the processing-
microstructure-property relationships of SEBM-fabricated Ti-6Al-4V and the as-built 
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tensile properties are comparable to or better than those of wrought counterpart [13-18]. 
However, before the wider acceptance and application of AM Ti-6Al-4V by SEBM, 
many other unanswered questions need to be addressed, such as applicability of low 
cost Ti alloy powder, the effect of as-built surface conditions on tensile and fatigue 
properties, and detailed microstructural and mechanical features of large bulk 
specimens built by SEBM. This PhD project aims to answer these issues for better 
design and application of SEBM-fabricated parts. 
 Aim and Objectives 
The high cost of AM Ti alloy parts by SEBM or SLM mainly arises from the powder 
manufacturing process besides the Ti metal itself. Currently, liquid gas atomization and 
wire based plasma atomization, each having a high operating cost, are the two major 
technologies in Ti alloy powder industry for AM. To reduce the cost of the final AM 
parts, low-cost spherical Ti powders are needed. AMETEK, Inc. [19], Withers et al. [20] 
and Lu et al. [21] have reported their respective processes. Commonwealth Scientific 
and Industrial Research Organisation (CSIRO), Australia, has also patented its powder 
manipulation technology (PMT), but its applicability for SEBM has not been assessed 
yet. In terms of microstructures and mechanical properties, despite the encouraging 
tensile properties reported to date, the inhomogeneous microstructure resulting from 
the localized solidification and cyclic heating under focused electron beam is not 
desired from a traditional perspective [14, 17, 22, 23]. A study of the spatial variations 
in microstructure and tensile properties of thick block specimen is not reported yet but 
of great importance to the AM community. Another deficiency of the SEBM process is 
the rough surface due to the partially melted powders and staircase effect arising from 
the mismatch between the computer-aided design (CAD) model and slicing strategy. 
The surface roughness Ra can reach 30–68 µm compared to Ra<1 µm for machined 
surfaces [24, 25]. A quantitative understanding of the influence of this surface condition 
on mechanical and fatigue properties is also missing in literature. Although SEBM-
fabricated Ti-6Al-4V is being increasingly adopted by biomedical industry today, a 
detailed assessment of the electrochemical responses of Ti-6Al-4V manufactured by all 
common approaches will contribute to the community with a solid knowledge for better 
application. 
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The main objectives of this thesis include: 
 To characterise the properties of the PMT-processed powder by referring to the 
benchmark Arcam powder; 
 To apply the PMT-processed powder to the SEBM process and characterize the 
microstructures produced with different parameters; 
 To investigate the spatial variations in microstructure and tensile properties of 
a thick Ti-6Al-4V block sample; 
 To quantify the influence of as-built surface conditions on the tensile properties 
and fatigue performance and to assess the effectiveness of chemical etching for 
surface modification; 
 To study the electrochemical responses of Ti-6Al-4V manufactured by different 
processes and correlate them with respective microstructures. 
 Thesis Outline 
This thesis is composed of seven chapters. Chapter 1 concisely states the project 
background and objectives. Chapter 2 describes relevant basic metallurgy of Ti alloys 
and reviews the current methods of Ti alloy powder production and recent 
developments in metal AM. Chapter 3 characterizes the properties of the low-cost 
PMT-processed powder and investigates the influence of process parameters on 
microstructure produced using the PMT-processed powder. Chapter 4 studies the 
microstructure variation in a thick Ti-6Al-4V block sample and the corresponding 
tensile properties. Chapter 5 quantifies the influence of as-built surface conditions on 
mechanical properties and the effectiveness of surface modification by chemical 
etching. Chapter 6 studies the electrochemical responses of seven different types of Ti-
6Al-4V alloy in Hank’s solution for biomedical application. Chapter 7 concludes the 
entire thesis and recommends a range of further research activities. 
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  Literature Review 
 Titanium and Its Alloys 
2.1.1 Introduction 
With a total of 0.6 wt. % in the Earth’s crust, titanium is the fourth most abundant metal 
element after aluminium, iron and magnesium. It usually exists in mineral deposits, like 
rutile (TiO2), ilmenite (FeTiO3) and titanates [1]. Titanium was discovered by a British 
chemist in 1791 [2] and a Germany chemist in 1795 separately [3]. In 1910, Matthew 
Albert Hunter from Rensselaer Polytechnic Institute successfully isolated the titanium 
metal by reducing titanium tetrachloride (TiCl4) with sodium in a steel bomb [4]. In 
1937, Hunter’s method was improved by Wilhelm Justin Kroll from Luxembourg, who 
switched the reducing agent from sodium to calcium and then to magnesium, which 
allowed him to produced ~0.5 kg batches of powder or sponge fines [5]. In 1948, 
Dupont company opened the first large scale manufacturing operation in United States 
(3 metric tons of >99% pure titanium sponge), and this established the industrial stature 
of titanium [5].  
Titanium exhibits outstanding properties such as high strength-to-weight ratio, 
excellent corrosion resistance, moderate to high ductility, good elevated temperature 
performance and biocompatibility [4, 6]. The development of titanium alloys bridges 
the gap between the properties of steel and aluminium, making them desirable for 
demanding aerospace, chemical, biomedical and energy industry services. Basic 
properties of elemental titanium are listed in Table 2.1[6].  
2.1.2 Basic Crystal Structures of Titanium and Its Alloys 
Titanium has two allotropic structures, commonly known as alpha (α) and beta (β).  
The atoms in α phase are arranged in a hexagonal close-packed (HCP) array. When 
heated up to 882±2 °C, pure titanium undergoes an allotropic phase transformation from 
a HCP structure (α phase) to a body-centered cubic structure (BCC β phase) [7]. Besides 
the stable α and β phases, some metastable, martensitic-type phases (ω, αʹ and αʺ) may 
form in titanium alloys when cooled rapidly from the β phase field (Section 2.1.4). Fig. 
2.1 shows the unit cells of the α and β phases with their most densely packed planes 
and directions [1]. 
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Table 2.1 Basic properties of elemental titanium [6] 
Properties Ti 
Melting Temperature 1663 °C 
Allotropic Transformation  β 
  882°C  
→       α 
Crystal Structure BCC→HCP 
Density  4.5 g/cm3 
Specific heat (at 25 °C) 0.5223 kJ/kg ∙ K 
Thermal conductivity 11.4 W/m ∙ K 
Room Temperature modulus  115 GPa 
Hardness 70 to 74 HRB 
Tensile strength 140 MPa  
Electrical resistivity (at 20 °C) 420 nΩ ∙ m 
 
 
Fig. 2.1 Unit cells of the α (left) and β (right) phases [1]. 
Generally, α phase refers to any HCP structure and β phase refers to any BCC structure 
in both pure and alloyed titanium. The β phase is found only at temperature above 882oC 
in pure Ti. However, in Ti alloys the α-β transus temperature varies with the additions 
of different alloying elements [1, 4]. Alloying elements are classified as α-stabilizers, 
β-stabilizers and neutral according to their effect on the α-β transus temperature, the 
schematic phase diagrams are shown in Fig. 2.2 [1, 4]. The α-stabilizers (Al, C, N, O, 
Ga, Ge and B) can increase the α-β transus temperature and expand the α phase field. 
On the contrary, the β-stabilizers can shift the β phase field to lower temperatures. The 
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β-stabilizers are subdivided into two categories, β isomorphous elements (V, Mo, Nb, 
Ta) and β eutectoid forming elements (Fe, Mn, Cr, Ni, Cu, Si, H), depending on the 
their effects on the resulting binary phase diagram, as shown in Fig. 2.2. Neutral 
elements including Hf and Sn have little influence on the α-β transus temperature [1, 4, 
8]. Zr, which used to be classified as a neutral element, has been experimentally proved 
to be a β-stabilizer recently. For example, the addition of Zr into Ti-Nb alloy can 
consistently decrease the α-β transus temperature [9, 10]. 
 
Fig. 2.2 Effect of alloying elements on phase diagrams of titanium alloys [1]. 
2.1.3 Classification and Properties of Titanium and Its Alloys 
Commercial titanium alloys are classified into three main categories: α, α+β and β 
alloys, with further subdivision into near-α and near-β alloys, depending on their 
compositions, which may place them near the α/(α+β) or the (α+β)/ β phase boundaries 
[4, 11]. Fig. 2.3 schematically illustrates the various types of titanium alloys using the 
Ti-Al-V system as an example.  
 
Fig. 2.3 Classification of titanium alloys using the Ti-Al-V system as an example [4]. 
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The α alloys consist entirely of α-phase and do not normally contain β phase at room 
temperature [6]. They contain aluminium as the principal alloying element to stabilize 
α phase. The α alloys have good fracture toughness, creep resistance and moderate 
mechanical properties. Commercially pure (CP) titanium is the most industrially 
significant α alloy. There are four grades of CP titanium which are mainly distinguished 
according to the oxygen and iron content. Table 2.2 specifies the classification of CP 
titanium [9]. Grade 2 is considered the most widely used CP titanium in industrial service, 
owing a tensile strength between 390 and 540 MPa and offering a good combination of 
moderate strength, excellent corrosion resistance, good cold formability and superior 
weldability [1, 4, 9].  
Table 2.2 Classification of commercially pure titanium [9] 
Composition 
(wt. %) 
Grade 1 Grade 2 Grade 3 Grade 4 
O ≤0.18 ≤0.25 ≤0.35 ≤0.5 
Fe ≤0.2 ≤0.3 ≤0.3 ≤0.5 
H ≤0.015 ≤0.015 ≤0.015 ≤0.015 
N ≤0.03 ≤0.03 ≤0.05 ≤0.05 
C ≤0.1 ≤0.1 ≤0.1 ≤0.1 
Ti ≥99.5 ≥99.2 ≥99.1 ≥99 
 
A near-α alloy contains only small amounts of ductile β phase [6]. Besides α phase 
stabilizer (Al), an addition of 1-2% β-phase stabilizers (Mo, Si) is usually employed in 
near-α alloys. Due to the presence of β phase, most near-α alloys can be heat-treated 
and forged in hot state. In near-α alloys, the microstructures can be modified from 
transformed β (acicular α) to equiaxed α+β by thermomechanical processing, offering 
high creep resistance and good low cycle fatigue property, respectively [12].  
When blended with both α- and β-stabilizing elements in large amount, alloys with 
mixture of α and β phases are formed, called α+β alloys. Many titanium alloys for 
structural applications are α+β alloys [13]. The most commonly used α+β alloy is Ti-
6Al-4V, which was invented in the period of 1952 to 1954. The addition of Al for 
ductility and V for strength produces a stable α+β phase at a wide range of temperature, 
contributing to excellent strength, toughness and corrosion resistance [6, 9, 14].   
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Excessive addition of β-stabilizers could reduce the α-β transus temperature to below 
room temperature and then yield a stable β titanium alloy. However, most of β titanium 
alloys are metastable. Their BCC structure is retained by quenching and β-stabilizers 
suppress the martensitic transformation [15]. The BCC structure allows for much higher 
levels of solid solution of alloying elements, contributing to better solution hardening 
and precipitation hardening. Accordingly, they are easy to be heat-treated, cold and hot 
worked. Thus β titanium alloys generally can be processed to higher strength levels and 
exhibit better notch properties and toughness than α+β alloys [4, 11, 15, 16]. The 
classifications and general properties of different titanium alloys are summarised in Fig. 
2.4 [6]. 
 
Fig. 2.4 Titanium alloys and their characteristics [6]. 
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2.1.4 Typical Phases in Titanium and Its Alloys 
Besides the basic α and β phases, three other typical phases, α′ martensite, α″ martensite, 
and athermal ω can be obtained in Ti alloys by quenching from the β-phase region as 
shown in Fig. 2.5 [9]. 
 
Fig. 2.5 Possible reactions from the β-phase in titanium alloys on water quenching 
[9]. 
α′ martensite usually forms from β-stabilizer lean alloys with low lattice strain [8]. 
Under a high cooling rate, e.g. over 410 oC/s for Ti-6Al-4V [17], the atoms move 
cooperatively by a shear type process from BCC β to HCP α′ [18]. HCP αʹ is the most 
commonly seen martensite in titanium, which displays as colonies of parallel-sided 
plates or laths in two-dimensional (2D) morphology (Fig. 2.6a and b [19]). Martensitic 
transformation obeys the classic Burgers orientation relationship: 
{110}β//{0001}α，<111>β//<112̅0>α [20]. Since both αʹ and α are HCP crystal structure 
and their lattice parameters are close, the supersaturated martensite formed in titanium 
alloys offers only limited strengthening through solid solution strengthening and the 
formation of fine and short αʹ laths [9]. 
Compared to α′, α″ martensite usually formes from β-rich alloys with high lattice strain 
resistance [8]. It has an orthorhombic lattice structure and a close lattice correspondence 
with BCC β. Fig. 2.7 shows the lattice structures of β, α″, and α (or α′) phases and their 
lattice correspondences [21]. A few internal twins formed on {111} planes can be 
observed in α″ (see Fig. 2.6c). HCP α′ tends to transform into orthorhombic α″ as solute 
content increases or martensite start temperature Ms decreases. The critical solute 
content for the αʹ/αʹʹ boundary depends on solute type, as listed in Table 2.3 [1]. The 
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formation of α in Ti6Al4V was also observed when quenched from 745 C at which 
the  phase has the approximate equilibrium composition Ti3.6Al17.0V. The 
reversible transformation between β and αʹʹ is of great importance for shape memory 
and superplastic β-titanium alloys. αʹʹ is recognized as a favourable precursor in 
producing an uniform distribution of the α-phase during heat treatment, while the 
residual αʹʹ can lead to a decrease in tensile ductility of titanium alloys [9]. 
 
Fig. 2.6 TEM images showing the structures of titanium alloy martensites: (a) HCP α 
laths in Ti1.8Cu quenched from 900 C; (b) HCP lenticular  containing twins in 
Ti12V quenched from 900 C; (c) orthorhombic α in Ti8.5Mo0.5Si quenched 
from 950 C [19]. 
 
Fig. 2.7 Lattice structures of β, α and α (or α) phases and their lattice 
correspondences [21]. 
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Table 2.3 Critical solute content for the αʹ/αʹʹ boundary in some binary Ti alloys [1]. 
αʹ/αʹʹ boundary V Nb Ta Mo W 
wt. % 9.4 10.5 26.5 4 8 
at. % 8.9 5.7 8.7 2.0 2.2 
 
Athermal ω phase is another metastable phase with a hexagonal lattice structure. ω 
phase may precipitate in the β phase as a fine dispersion of ellipsoidal (see Fig. 2.8a 
[22]) or cuboidal particles (see Fig. 2.8b [1]) when either quenching from β phase field 
or isothermally ageing at a temperature ranged from 100 oC to 500 oC [9, 11]. Common 
ω phase forms from the latter. Fig. 2.9 schematically shows the changes in lattice 
structure from β to ω. The transformation from β to ω obeys the following orientation 
relationship: (0001)//{222} or {111}; < 112̅0 >//<110>. On one hand, ω phase 
was found to embrittle some alloy concerned and started gaining special attention. On 
the other hand, the presence of ω phase can effectively retard fatigue crack propagation 
in Ti-10V-2F-3Al due to the precipitation strengthening [9].  
 
Fig. 2.8 TEM dark field image of (a) ellipsoidal ω particles in a Ti-9.87V-1.78Fe-
3.20Al alloy [22] and (b) cuboidal ω particles in a Ti-8Fe alloy aged 4 h at 400 oC [1]. 
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 Fig. 2.9 Schematic showing the β→ω transformation: (a) BCC lattice of β phase; (b) 
hexagonal lattice of ω phase; (c) relationship between BCC  and HCP  prior to 
small shuffle along the direction [11̅1̅] and (d) unit cell of -Ti after the small 
shuffle along [11̅1̅] in (c). The unit cell in (d) represents a third of the hexagonal 
lattice of -Ti in (b) [9].  
2.1.5 Basic Phase Transformations in Titanium and α + β Titanium Alloys 
Three basic transformations can occur when cooled from BCC β phase region to HCP 
α phase region, known as diffusion controlled transformation, diffusionless martensite 
transformation and interface-diffusion controlled massive transformation, depending 
on the cooling rate and alloy composition. These transformations obey the classic 
Burgers orientation relationship which shows the crystallographic orientation 
relationship between α and β as: {110}β//{0001}α，<111>β//<112̅0>α [8, 20, 23]. The 
schematic illustration of Burgers relationship is shown in Fig. 2.10 [20, 24]. There are 
six {110} planes in a BCC β unit cell and two <111> slip directions on each plane, thus 
12 HCP variants can be transformed from the parent β crystal according to the Burgers 
relationship [4]. 
15
 F
ig
. 
2
.1
0
 I
ll
u
st
ra
ti
o
n
 o
f 
m
ec
h
an
is
m
 p
ro
p
o
se
d
 b
y
 B
u
rg
er
s 
fo
r 
tr
an
sf
o
rm
at
io
n
 o
f 
B
C
C
 l
at
ti
ce
 t
o
 H
C
P
 l
at
ti
ce
 [
2
0
, 
2
4
].
 
16
 Diffusion Controlled Transformation: β → α+β 
When titanium alloys are cooled at sufficient low rates (e.g. 300oC/s for extra-pure 
titanium [25], 90oC/s for Grade 2 CP titanium [26] and 20oC/s for Ti-6Al-4V [17]) from 
the β phase field into the α+β phase filed, α phase begins to incoherently nucleate along 
β boundaries and form so-called grain boundary α. Continuous cooling leads to the 
formation of numerous α plates, which grow into the β grain in parallel and are within 
the same variant of the Burgers relationship (called α colony). Many α colonies nucleate 
at different sites of β boundaries at the same time and keep growing into the β grain 
until they meet each other. The microstructure thus developed is known as lamellar 
(Widmanstätten) microstructure [1, 6].  The individual α plates are also called α laths, 
which are separated by the thin retained β phase. An example of typical Widmanstätten 
microstructure and microstructural parameters is illustrated in Fig. 2.11 [8].  
 
Fig. 2.11 Example of Widmanstätten microstructure and key microstructural 
parameters of titanium alloys [8]. 
An increase in cooling rate can contribute to refinement of both α colony size and 
thickness of α plates. Besides β-phase boundaries, new colonies are also inclined to 
nucleate on broad face of other α colonies, growing perpendicularly to the existing 
plates. This leads to formation of a structure in which one phase is interlaced and the 
other is separated, it is often referred as basketweave microstructure [1, 27]. 
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 Diffusionless Martensite Transformation: β → αʹ 
Martensite transformation is a process that the equilibrium BCC β phase transforms 
completely into non-equilibrium HCP α′ or orthorhombic α″ at a very high cooling rate 
(e.g. critical cooling rate of 600oC/s for Grade 2 CP titanium [26], 900oC/s for extra-
pure titanium [25] and 410oC/s for Ti-6Al-4V [17]), in which atoms move in a shear-
type diffusionless way, leaving behind a metastable fine plate-like, or acicular 
martensitic microstructure [1, 4]. A schematic continuous cooling diagram for Ti–6Al–
4V is shown in Fig. 2.12 [17]. Cooling from the β-phase region with a rate higher than 
410°C/s can obtain a completely martensitic microstructure. Lower cooling rates 
between 20 oC/s to 410oC/s can lead to a massive transformation and leave a 
microstructures of massive α (Section 2.1.5.3). A further decrease in cooling rate results 
in various morphological forms of diffusion controlled α [17]. It should be noted that 
the Ms of Ti–6Al–4V reported in [28] is 575oC, while 800oC is widely accepted in [4] 
and [29]. 
The Ms temperature is significantly influenced by the presence of alloying elements. In 
α titanium alloys like Ti-Al system, Ms can be below the (α+β)/α phase boundary in the 
binary-phase diagram, while Ms can be located in the α+β phase field for both α+β and 
β alloys [29]. Fig. 2.13 plots the Ms points as a function of the weight concentration of 
the addition elements [30]. 
 
Fig. 2.12 Schematic continuous cooling diagram for Ti–6Al–4V β-solution treated at 
1050°C for 30 min, taken from [17]  
(Ms = 575°C is from [28], Ms = 800°C * is from [4, 29]). 
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 Fig. 2.13 Effects of alloying element on the martensitic transformation starting 
temperature Ms in Ti alloys [30]. 
 Interface-diffusion Controlled Massive Transformation: β → αm 
Interface-diffusion controlled massive transformation β → αm was also identified in Ti 
alloys [17, 31-33]. The transformation is composition-invariant, and the diffusional 
activities are involved at the migrating interfaces. This transformation occurs at an 
intermediate cooling rate, e.g. a cooling rate between 20 oC/s to 410 oC/s for Ti-6Al-4V 
alloy as observed in the cooling diagram (Fig. 2.12). The formed αm grains display an 
irregular patch-like shape, either at/across the prior-β grainboundaries or inside the 
prior-β grains, as shown in Fig. 2.14 [34]. In-situ decomposition of massive αm produces 
an ultra-fine α+β lamellar microstructure with great potential to enhance mechanical 
properties. 
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 Fig. 2.14 (a) Formation of αʹ martensite phase and αm massive phase in Ti-6Al-4V 
additively manufactured by selective electron beam melting (SEBM). (b) Schematic 
illustration of the formation of massive grains (1-5) in Ti-6Al-4V based on 
experimental observations [34]. 
2.1.6 Typical Microstructures of α+β Titanium Alloys and Their Effects on 
Mechanical Properties 
α+β titanium alloys are widely used for structural applications. Their mechanical 
properties are sensitive to the microstructure (geometrical distribution of the two phases) 
and also to the crystrallographic texture of the HCP α phase, both depending on the 
alloy chemistry, processing route and post heat treatment [6, 13]. There are four typical 
microstructures commonly observed in α+β alloys: lamellar structure (Widmanstätten), 
equiaxed structure, bi-modal structure and basketweave structure, as shown in Fig. 2.15 
[35-37].  
 Lamellar structure 
As mentioned in 2.1.5.1 and shown in Fig. 2.15a, lamellar structure consists of large 
prior-β grains and a lamellar matrix of alternating α and β plates, which are produced 
by annealing in the high-temperature β-phase region and subsequent slow cooling into 
the α+β phase region [38]. The mechanical properties of lamellar structures is strongly 
correlated to the α colony size, prior β grain size, thickness of the α lamellar and the 
nature of the interlamellar interface (β-phase), because they all influence the effective 
slip length [1, 13]. Although the interface of α/β is incoherent within α colonies, the slip 
systems in each phase are exactly parallel, as seen in Fig. 2.10, (110) [1 1̅1]β || 
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(0002)[112̅0]α, and two others are off by only 10o, (110)[11̅2]β and (0002)[12̅10]α as 
well as (11̅2)[ 1̅11]β and (101̅0)[12̅10]α, which facilitate slip across the interfaces [1]. 
Fig. 2.15 schematically illustrate the effect of slip length (α colony size) on mechanical 
properties [13].  
 Bimodal structure 
Bi-modal (duplex) microstructure contains equiaxed grains of primary α (αp) embedded 
a lamellar α+β matrix (transformed β), as seen in Fig. 2.15c, its mechanical properties 
are largely affected by the transformed β grain size and the alloy element partitioning 
effect [13]. The size of transformed β grain is correlated to the size and volume fraction 
of αp. Because of the smaller effective slip length in transformed β grain, when 
excluding the effect of alloy element partition, bimodal microstructure should exhibit 
better performance in yield stress, ductility, high-cycle-fatigue (HCF) strength and 
slower fatigue crack propagation rate as compared to fully lamellar microstructure, as 
indicated in Fig. 2.16 [13]. However, the α-stabilizers are usually enriched in αp, an 
increase of αp volume fraction can enhance the alloy element partitioning effect and 
result in a lower basic strength within the transformed β grains [1]. The yield stress is 
dominated by the transformed β grain size when the volume fraction of αp is small, and 
by the alloy element partitioning effect when the volume fraction of αp is large [13]. If 
the cooling rate from the recrystallization annealing temperature is low enough to 
supress the formation of α lamellar within the β grains, the αp grains will grow and 
result in a full equiaxed structure, as shown in Fig. 2.15b. Its mechanical properties are 
primarily affected by the α grain size as it determines the slip length, and the 
relationship between slip length and mechanical properties illustrated in Fig. 2.16 can 
be also applied to the equiaxed structure [1].  
 Basketweave structure 
Basketweave microstructure is characterised by a higher ductility and fatigue property 
but a lower fracture toughness when compared to the lamellar microstructure due to a 
combination of small size α colonies and interlaced α plates which result in the 
reduction of effective slip length [13, 27].  
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 Fig. 2.15 Four typical microstructures in α+β Ti alloys: (a) lamellar; (b) fully 
equiaxed; (c) bi-modal and (d) basketweave [35-37].  
 
Fig. 2.16 Influence of slip length (α colony size) on mechanical properties, 
(schematically) [13].  
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2.1.7 Typical Microstructure of Ti-6Al-4V Alloy Achieved under Different 
Conditions 
Ti6Al4V alloy is an excellent structural material which covers more than half the 
usage of titanium based materials worldwide. It has superior properties, including high 
strength, ductility, toughness and corrosion resistance over a wide range of temperature. 
These properties can be controlled by manipulating its microstructure. It has been 
widely reported that different manufacturing processes or heat treatment can generate 
variant microstructures of Ti-6Al-4V. Some typical microstructures associated with 
their acquired conditions are illustrated below.  
 Cast 
The microstructure of as-cast Ti–6Al–4V has a large size of prior β grains, thick grain 
boundary α and an α+β lamellar structure, which typically transformed from a 
dendritic β structure during solid state cooling. Once the temperature drops below the 
melting point (1668 oC), β grains start nucleating and growing. After slow cooling to 
the α-β transus temperature (996 oC), α phase starts nucleating along the prior β grain 
boundaries and forming grain boundary α. α phase keeps growing into grains following 
the Burgers orientation relationship and consequently some colonies with a lamellar 
α+β morphology form. Due to the slow cooling process, the grain size of as-cast Ti-
6Al-4V can reach centimeter-scale and the α plates can be as thick as 3 ~ 4µm [39]. A 
typical microstructure is shown in Fig. 2.17 [39]. 
 
Fig. 2.17 Macrostructure of an as-cast Ti-6Al-4V plate with a thickness of 19mm 
[39]. 
 
23
 Forging 
Forging is not only used for shape control but also for manipulation of microstructure 
and mechanical properties. The coarse grains of Ti-6Al-4V ingot can be effectively 
broken down and recrystallized by forging and subsequent heat treatment. The rate at 
which original α plates transform to equiaxed α depends on annealing temperature, time, 
and the amount of deformation α plates have received [40]. Fig. 2.18 shows an example 
of the effect of forging strain and subsequent annealing on the microstructure of Ti-
6Al-V. At low forging strains (6.5% height reduction) a random orientation of lamellar 
α is observed in Fig. 2.18a which resulted in a high aspect ratio α on annealing (Fig. 
2.18b)). When larger uniaxial strains (20% or 80% reduction) were employed, α plates 
to align themselves toward a direction perpendicular to the forging axis (Fig. 2.18c and 
e, respectively). Upon annealing, the elongated α+β lamellar morphology in Fig. 2.12e 
changed to a bimodal structure with a lower aspect ratio α phase (Fig. 2.18f) [40].  
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 Fig. 2.18 Optical microstructures of Ti-6Al-4V under forging and annealing with 
different strains. The forging axis is the vertical direction of the photomicrographs. (a) 
As-forged with 6.5% reduction, (b) as in (a) + annealing at 925oC 2 h/water quenched, 
(c) as-forged with 20% reduction, (d) as in (c) + annealing at 925oC 2 h/water 
quenched (e) as-forged with 80%, and (f) as in (e) + annealing at 925oC 2 h/water 
quenched [40]. 
 
 Powder metallurgy (PM) 
As seen in Fig. 2.19 [41], typical microstructural features of as-sintered PM Ti-6Al-4V 
can be concluded as: (1) the overall microstructure is close to the equilibrium state due 
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to low cooling rate adopted for most sintering practices; (2) some annealing and/or 
aging effect, e.g. aging-induced isothermal ω phase, can be observed due to the slow 
cooling process from the isothermal sintering temperature to room temperature; (3) 
pores are part of the as-sintered microstructure due to the difficulty to eliminate pores 
in most cases, leading to a theoretical density ranged from 95% ~ 99%; the α phase 
accounts for more than 85 vol.% [42]. 
 
Fig. 2.19 Scanning electron microscopy (SEM) image to show the typical 
microstructure of PM Ti-6Al-4V [42] 
 
 β annealing 
The microstructure of Ti–6Al–4V can be manipulated by controlling the cooling rate 
during heat treatment. The heat treat cycles shown in Fig. 2.20a indicates that quenching 
from the β region can cause a diffusionless β to α′ martensite transformation and leave 
a large number of acicular α′ laths in parallel or orthogonal morphology (see Fig 2.20b). 
At the air cooling, β phase transforms to the acicular α-plate structure by diffusional 
mechanisms (Fig. 2.20c). The slowest cooling rate at the furnace cooling produces 
thicker α lamellae, grain boundary α and larger colony sizes, showing a typical coarse 
Widmanstätten microstructure as shown in Fig. 2.20d.  
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 Fig. 2.20 (a) Heat treat cycles for transformed β; optical microstructure of Ti-6Al-4V 
hearted at (b) 1040 oC for 1 h and water quenched [43]; (c) 1050 oC for 1 h and air 
cooled [44]; (d) 1050 oC for 1 h and furnace cooled [45]. 
 Mill-annealing 
Mill annealing is an incomplete annealing treatment and the purpose is to retain the 
wrought-state microstructure, which consists of elongated -phase and irregular -
phase particles for desired strength properties. A typical microstructure of mill-
annealed Ti-6Al-4V is shown in Fig. 2.21 [46]. The plan view shows globular α grains 
(dark contrast) outlined by β phase (bright contrast) at the grain boundaries, while the 
cross sectional view shows elongated α grains with β again appearing along the grain 
boundaries [46]. 
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 Fig. 2.21 Backscattered electron images of the microstructure of mill-annealed 
Ti6Al4V: (a) plan view consisting of globular  (dark) and irregular  (bright) 
phases and  (b) cross sectional view consisting of elongated  and irregular  phases 
[46]. 
 
 Solution treatment and ageing (STA) 
The STA is usually applied to Ti-6Al-4V for producing a bimodal microstructure which 
can offer superior tensile and fatigue properties than mill-annealed state. The STA 
schedule for Ti6Al4V consists of solution annealing in the  +  phase field (e.g. 10 
min at 940 C), water quenching, and ageing (e.g. 4 h at 510540 C) [9]. A typical 
bimodal structure of a STA Ti-6Al-4V is shown in Fig. 2.12 [47]. 
 
Fig. 2.22 Optical microstructure of a STA Ti-6Al-4V: 950oC for 1 h, water quenched, 
500oC for 4h, air cooled [47]. 
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 Titanium Powder Production 
2.2.1 Introduction 
A variety of techniques have been developed for producing titanium metal powders. 
They are listed in Table 2.4 [48, 49]. Powders produced by different processes have 
different powder size, morphology and purity strongly, which can exert on significant 
influence on the flowing, compacting and sintering responses so as to the quality of 
products. Six widely used titanium powder, sponge fines, hydride-dehydride (HDH), 
powder produced by gas atomization (GA), powder produced by plasma rotating 
electrode process (PREP), powder produced by advanced plasma atomization (APATM) 
process, and powder produced by Tekna induction plasma spheriodization process, are 
discussed briefly below.  
Table 2.4 Characteristics of different types of titanium powders (sorted by [48] in 
2011 and [49] in 2013). 
Type/Process 
Elemental or 
Pre-alloyed 
Morphol
ogy 
Advantages Disadvantages 
Hunter 
process 
Elemental Irregular 
Low cost, 
excellent for cold 
press and sinter 
Limited 
availability, high 
chloride 
HDH Kroll 
process 
Elemental Irregular 
Lower cost, good 
compactibility, 
readily available, 
low chloride 
Low purity 
HDH alloy 
powder 
Prealloyed Irregular Readily available 
High cost, fair 
compactibility 
Gas 
atomization 
Prealloyed Spherical 
High purity, 
available 
High cost, not cold 
compactable 
REP/PREP Prealloyed Spherical High purity 
High cost, not cold 
compactable 
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Plasma 
atomization 
Prealloyed Spherical 
Moderate cost, 
high purity, 
available 
Not cold 
compactable 
Armstrong/In
ternational 
Titanium 
(ITP) powder 
Both Irregular 
Compactable, 
moderate cost 
Processibility/quali
ty, production 
scale-up 
Fray Both Irregular To be determined Developmental 
MER Both Irregular To be determined Developmental 
CSRIO TiRO Both Irregular To be determined Developmental 
ADMA 
Products 
Hydrided 
Powder 
Both Irregular 
Lower cost, better 
compactability 
Semi-commercial 
CHINUKA 
Alloy 
possible but 
difficult 
Irregular 
Can use impure 
ores 
Developmental 
CSIR 
May be 
possible 
Irregular Moderate cost Developmental 
MER — Materials & Electrochemical Research Corporation, Tucson, AZ. 
CSRIO — Commonwealth Scientific and Industrial Research Organisation, Australia. 
CHINUKA — University of Cambridge, UK.  
CSIR — Council for Scientific and Industrial Research, South Africa. 
2.2.2 Sponge Fines Titanium Powder 
As the name suggests, titanium sponge fines are obtained as by-products of titanium 
sponge produced by the Kroll magnesium-reduced or Hunter sodium-reduced process 
[6]. They are too small to be used in the melting process so that they are available at a 
relatively low cost. This type of powder consists of small, nodular particles which 
makes it easy to be cold pressed into green shapes. Characteristic sponge fines are 
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shown in Fig. 2.23 [50]. Due to the reduction from titanium tetrachloride, the final 
sponge fines typically contain chloride from 0.12 to 0.15 wt.% which is difficult to 
remove completely even by vacuum distillation or water leaching [51]. Sodium 
reduction is not commonly used although offering a higher purity of sponge fine than 
magnesium reduction due to the cost issue [6] 
 
Fig. 2.23 SEM micrograph of titanium sponge fines [50]. 
2.2.3 Hydride-Dehydride Powder 
The hydride-dehydride (HDH) process is a long recognized and well established 
manufacturing process for the production of titanium powder. Pure titanium metal is 
too ductile to fragment by mechanical crushing, while it readily forms stable and brittle 
hydride in a hydrogen atmosphere (350-700oC). The titanium hydride can be easily 
resized down to a finer particle size distribution range through crushing, milling and 
screening [51, 52]. Subsequent removal of hydrogen is achieved by reheating the 
materials (700-800°C) under a high vacuum which helps remove absorbed hydrogen 
quickly and efficiently without contamination from oxygen and nitrogen. The resulting 
high purity, finer titanium powder has a narrow particle size distribution. Fig. 2.24 
shows a flow diagram of the manufacturing process and the angular morphology of the 
HDH titanium powder [52]. Common titanium alloys are hydrogen embrittled by 
heating in a hydrogen atmosphere. This process is also able to produce prealloyed 
powder. Due to the irregular morphology, the HDH powder exhibits low powder flow 
rates and low packing density in dies. With the emerging Tekna induction plasma 
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spheroidization process, however, it is possible to transform the irregular HDH to a 
spherical morphology of the same size range, which significantly improves the packing 
density and flow rates [53]. 
 
Fig. 2.24 Flow diagram of the HDH process and SEM micrograph of  
HDH titanium powder [52]. 
2.2.4 Gas Atomization Powder 
Gas atomization (GA) is one of the popular methods to produce high-quality pure 
titanium and prealloyed titanium powders which have spherical morphology with a 
narrow particle size distribution range [54]. A general process of GA is that a molten 
metal stream is disintegrated by supersonic argon gas jets to form a spray of liquid 
droplets. With an estimated cooling rate of 102 to 103 K/s [55], these droplets solidify 
during free fall in a large atomizing tower and form solid, spherical powder particles, 
as shown in Fig. 2.25 [50]. Based on the type of melting process used, GA powder can 
be subdivided into two main groups: induction drip melting and conventional titanium 
melting followed by GA [50]. GA powders can flow easily and consistently pack to a 
high density, but they do not compact well in cold pressing, so it is suitable for advanced 
technologies, such as metal-injection molding (MIM), metal-matrix composites 
(MMCs) and additive manufacturing [54]. However, a little amount of argon can be 
entrapped in the liquid droplets during GA process and remained as gas pores in the 
powder particles, which is not favoured by additive manufacturing due to the increasing 
risk of high porosity in the as-built parts [56].  
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 Fig. 2.25 SEM image of 45-106 μm GA Ti-6Al-4V powder [50]. 
2.2.5 Plasma Rotating Electrode Process 
Plasma rotating electrode process (PREP) uses a plasma arc to melt the titanium or its 
alloy from a rapidly rotating feedstock. Liquid is centrifugally spun off as droplets and 
cooled in the argon atmosphere. The estimated cooling rate of PREP is 102 K/s [55]. In 
a solid form, these droplets fall to the bottom of a chamber. These PREP powders are 
entirely spherical in shape and possess a smooth surface, but the particle size depends 
strongly on the alloy composition, electrode diameter and the rotation speed [51]. The 
principal feature of PREP is the ability to retain lower interstitial element content with 
minimal contamination compared to GA. It is reported that the PREP combined with 
powder handling in strict clean-room condition leads to considerable improvement in 
microstructural homogeneity which contributes to equivalent mechanical properties to 
ingot metallurgy (IM) materials [57]. In addition, PREP powder has much lower 
porosity than GA powder, which is a significant advantage for additive manufacturing. 
However, owing to the low density of molten titanium alloys, it is challenging to obtain 
a high percentage of fine spherical Ti powder (e.g. < 45 μm). Moreover, compared with 
other techniques, the cost of energy consumption in making a high-quality feedstock 
bar is very high [58].  
2.2.6 AP&C Process 
Advanced Plasma Atomization (APATM) industrialized by Advanced Powders & 
Coatings Company is another cost-effective way to produce spherical powder for AM 
use. APATM is capable to produce titanium, zirconium, niobium, nickel, molybdenum, 
tantalum, tungsten and their alloys powder in the size range of 0-250 µm with highly 
33
spherical morphology and minimal quantity of satellites. The company is also a powder 
supplier of Arcam AB Company for its SEBM technology[59]. 
Fig. 2.26 shows the schematic of the APATM process. The whole system is first 
evacuated to a low level vacuum before atomization. Wire is straightened and fed into 
the chamber. Three argon plasma jets of 65 kW each converge on the metal wire for 
melting and atomization. Argon plasma delivers a higher velocity and a stronger 
atomisation force. Powder is collected using a cyclonic device followed by passivation 
to ensure safe handling. Fig. 2.27 shows the morphologies of the Ti APATM process 
using wire as feedstock material gives several advantages: (i) feeding rate can be 
exactly controlled to maintain the powder quality; (ii) powder composition is easily 
maintained; (iii) high purity powder is guaranteed as there is no contact between the 
melt and the cold surface; and (iv) crucible related cost is eliminated [59].  
 
Fig. 2.26 Schematic of the Advanced Plasma Atomization (APATM) process [59]. 
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 Fig. 2.27 SEM micrographs of spherical powders in different size ranges produced by 
APATM process [59]. 
2.2.7 Tekna Induction Plasma Spheroidization Process 
Tekna Plasma Systems use induction plasma technology to promote and develop 
powder particle spheroidization/densification for commercial applications [53]. This 
process can convert irregular shaped titanium powder (100~400 mesh, or 37~150 µm) 
to a spherical morphology of the same size range, but with a remarkably improvement 
in apparent density and flowability [49].  
The schematic of Tekna Spheroidization Process is shown in Fig. 2.28a. [53]. The 
irregular powder is heated and melted during passing through the induction heater 
followed by its cooling and re-solidification in a controlled environment. To guarantee 
enough time for the re-solidification of powder before its reaching the primary reactor 
chamber bottom, the flight time is controlled according to its size and apparent density. 
Finer powder is transported by the plasma gas and filtered for recovering. Fig. 2.28b 
shows the spheroidized HDH Ti powder by Tekan process. Purification of the powder 
can be carried out by selective/reactive vaporization during the melting step and an 
enhanced purity factor of 10 to 100 was reported [53]. Multiple passes might further 
reduce the impurity content to ppm or ppb levels. However, Tekan process can only 
handle small quantity of powder at a time, limiting its wide application [53]. 
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 Fig. 2.28 (a) Schematic of the Tekna Spheroidization Process [53]; (b) SEM 
micrograph of spherical powder produced by processing angular HDH titanium to a 
spherical morphology using the Tekna technique [60]. 
 
 Additive Manufacturing (AM) 
2.3.1 Introduction 
As defined by the American Society for Testing and Materials (ASTM), additive 
manufacturing (AM) refers to “a process of joining materials to make objects from 3D 
model data, usually layer upon layer, as opposed to subtractive manufacturing 
methodologies.” Its synonyms include additive fabrication, additive processes, additive 
techniques, additive layer manufacturing, layer manufacturing, direct manufacturing 
and freeform fabrication [61], and it is also known as 3D printing and rapid prototyping 
(RP) in industry.  
The process starts with making a 3D computer model of a product, including 
dimensions and tolerances, then the model is mathematically sliced in a number of 
layers. AM machine is used to transform these mathematical layers into physical layers. 
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First, the feedstock material (powder or wire) is melted by a powerful energy beam 
(laser or electron beam) and deposited onto a platform, then another layer is applied. 
The process repeats layer by layer till the final layer is done. Thus, the near-net-shape 
product is made [62, 63]. Fig. 2.29 depicts the general functional principle of the AM 
process [62]. 
 
Fig. 2.29 General functional principle of AM process [62].  
Owing to the layer-wise nature through which the materials are selectively added layer-
upon-layer, AM processes offer many advantages [64-68]: 
 AM enables the manufacture of highly complex shapes with few geometric 
limitations [66]. 
 Radically different to traditional manufacturing, no tools, moulds or punches 
are need, which shorten the lead time and reduce the consumption of labour 
and energy [65].  
 Material efficiency. The buy-to-fly ratio of components produced by AM is 
roughly 1.5-5 : 1, largely less than  10-20 : 1 when using normal ingot cast-
roll-forging and machining route [67, 68]. 
 Customisation. AM allows the production of economically viable personalised 
products as coupling geometric freedom with tool-less manufacture [64-66].  
 Microstructure is manipulable to meet the requirements [69]. 
Although AM is a promising technology for industry, currently there are still some 
pending challenges in the near future [65, 70-72]: 
 Relatively low build-up rate and limited process scale in AM.  
 Some AM process such as electron beam melting needs high vacuum and high 
initial investment.  
 Expensive powder feedstock for powder bed AM [72]. 
37
 Control over the presence of defects such as pores, lack of fusion, etc.  
 Repeatability and reproducibility of the part quality.  
 Variation of mechanical and thermal properties along different directions [65].  
 Stair-case effect and support structures influence the surface quality of as-built 
products [71].  
2.3.2 Classification of AM Processes 
Although the term “3D Printing” is widely used as a synonym for all AM processes, 
actually there are varieties of individual processes using different layer manufacturing 
technologies in their methods. Individual processes will differ depending on the 
material and machine technology used. Hence, ASTM (F2792-12a) formulated a set of 
standards that classify current and future AM processes into seven categories [61]. 
 Binder jetting, an additive manufacturing process in which a liquid bonding 
agent is selectively deposited to join powder materials. 
 Directed energy deposition, an additive manufacturing process in which 
focused thermal energy is used to fuse materials by melting as they are being 
deposited. 
 Material extrusion, an additive manufacturing process in which material is 
selectively dispensed through a nozzle or orifice. 
 Material jetting, an additive manufacturing process in which droplets of build 
material are selectively deposited. 
 Powder bed fusion, an additive manufacturing process in which thermal 
energy selectively fuses regions of a powder bed. 
 Sheet lamination, an additive manufacturing process in which sheets of 
material are bonded to form an object. 
 Vat photopolymerization, an additive manufacturing process in which liquid 
photopolymer in a vat is selectively cured by light-activated polymerization. 
When manufacturing metal and alloy components, the AM categories can be 
subdivided in terms of energy source, feedstock form and additive method with 
corresponding key equipment manufacturers, as summarized in Fig. 2.30 [73, 74]. 
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Powder bed fusion methods use either a laser or an electron beam as energy source to 
melt and fuse feedstock powder. The process is controlled by the powder 
characterizations (e.g. particle shape, particle size and particle distribution) and 
processing parameters like energy power, spot size, scan speed, spacing distance and 
layer thickness [75]. The machine consists of a powder supply, a build platform, a 
powder spreader, a laser or an electron beam, and a pointing and focusing system. 
General powder bed fusion processes are summarized below and illustrated in Fig. 2.31 
[76]:  
1. A layer of powder (thickness: 30 ~ 100 μm) is spread homogenously over the build 
platform. 
2. A laser beam or electron beam selectively melt the first layer or first cross section of 
the model. 
3. The build platform is moved downward by the thickness of one layer, a new layer of 
powder is spread on top of the previous layer using a roller or a rake.  
4. Further layers or cross sections are melted and added.  
5. The process repeats until the entire model is created. Loose, unmelted powder is 
remained in positon but is recycled during post processing.  
 
Fig. 2.31 Schematic of powder bed fusion process using a laser beam [76]. 
The spreading of the powder material over previous layers is involved in all powder 
bed fusion processes. A roller or a blade is usually used to enable this mechanism. A 
reservoir below of or a hopper aside of the bed provides fresh material supply.   
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Selective laser melting (SLM), which use a laser beam as energy source, can process a 
variety of metallic powder including stainless steel, cobalt-chrome alloys, titanium 
alloys, bronze-nickel alloys and nickel based super alloys etc. under an inert gas 
atmosphere with a precisely controlled laser, producing excellent component surface 
finish, tolerances and resolution [77]. SLM is a full melting process which has high 
temperature gradients and densification ratio during the solidification, leading to high 
internal stresses or part distortion (from 50% powder porosity to 100% density in one 
step) [78-80]. Using an electron beam as energy source, selective electron beam melting 
(SEBM) applies similar printing process as SLM but requires a vacuum to prevent the 
beam from being deflected and to maintain it well focused (specified in Section 2.3.3). 
Selective laser sintering (SLS) is also a liquid-phase sintering process. The feedstock 
powder used in SLS usually combines two parts, one is called binder which is spread 
between the solid particles driven by intense capillary forces during processing, the 
other is called structural material which remains solid state due to the high melting point 
[78]. There are two ways to bring those binder and structural materials together: 
composite particles that mix structural and binder materials together to have a micro 
composite structure, and coated particles where the binder material is coated around the 
surface of structural material particles. The binder may be permanent or may be 
removed during post processing. The latter can be used for manufacturing of porous 
structures. Besides metallic materials, SLS is also suitable for other materials like 
composites, ceramics, glass and polymers [78].  
Directed metal deposition (DMD), also known as laser engineered net shaping, directed 
light fabrication, direct energy deposition, and 3D laser cladding, is a more complex 
AM process and commonly applied to repair and maintain structural parts or deposit 
additional material to existing components [64]. A typical DMD machine comprises of 
a nozzle which deposits melted material onto the specified surface, where it solidifies. 
It uses a linear heat input of tens to hundreds of J mm-1 and a layer thickness of 0.3 ~ 1 
mm. The heat dissipation of the melt pools is mainly through heat conduction from the 
component to the attached baseplate and forced convection from the inert gas and 
powder delivery nozzles [81]. The process is similar in principle to material extrusion, 
but the nozzle has more degrees of freedom as mounted on a multi axis arm. The powder 
or wire feedstock can be deposited from any angle with a laser beam, electron beam or 
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plasma beam [64]. A schematic of DMD is shown in Fig. 2.32 and the processes are 
summarized below [82, 83]: 
1. A 4 or 5 axis arm with nozzle moves around a fixed object. 
2. Feedstock (powder or wire) is deposited from the nozzle onto a platform or existing 
surfaces of a part. 
3. Feedstock is melted using a laser, electron beam or electric arc upon deposition.  
4. Further feedstock is added layer by layer and solidifies, leading to a buildup or 
repairing new features on the exiting surfaces.  
Compared with the powder bed fusion process, directed metal deposition has 
advantages such as: (1) building chamber is much bigger, suitable for fabricating large-
scale components; (2) deposition rate is much higher than that of powder bed fusion 
process; (3) it is versatile for different substrate, e.g. flat, curve or irregular surfaces. 
However, powder bed fusion process has advantages over directed energy deposition: 
(1) it is suitable for building highly complicated structure with internal features; (2) 
unmelted powder can act as supporting structures when building overhanging surfaces; 
(3) unmelted powder can be easily recycled, reducing potential waste [70, 84]. 
 
Fig. 2.32 Schematic of directed metal deposition process using an electron beam 
(Electron Beam Additive Manufacturing, EBAMTM process, Sciaky Inc.) [82] 
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2.3.3 Selective Electron Beam Melting (SEBM) 
 Principle and Equipment of SEBM  
SEBM is a powder bed fusion process. The first SEBM model, the EBM S12, was 
launched in Frankfurt at the end of 2002 by Arcam AB Inc. (Sweden) which firstly 
realized the commercialization of SEBM technology [85]. Fig. 2.33a and b present an 
internal schematic of an Arcam SEBM system and the component generation steps, 
respectively [85, 86].  
The SEBM process comprises a building tank with a vertically adjustable process 
platform, two powder hoppers and a rake system for powder application. In a vacuum 
chamber, the electron beam is emitted by heating a tungsten filament and accelerated 
towards the powder on the powder bed using an accelerating voltage in the order of 60 
kV. The velocity of electron beam is between 0.1 and 0.4 times the speed of light and 
the energy density is in excess of 100 kW/cm2 [86, 87]. The electron beam is focused 
and deflected by electromagnetic coils, resulting in higher scanning speeds and 
positioning accuracy when compared to SLM which uses galvanometric mirror system 
for beam deflection [64]. The electrons interact with the powder particles and lead to 
complete melting in the range of a certain layer thickness. Arcam’s Multibeam™ 
technology allows several melt pools to be maintained simultaneously [85]. The 
component generation process of SEBM is similar to a common powder bed fusion 
process summarized in Section 2.3.2, although a SEBM starts with preheating the base 
plate (e.g. 730oC for Ti-6Al-4V alloy), and preheating each new powder layer is needed 
in order to avoid “smoking” effect (Fig. 2.33b).  
Smoking effect is one of the major differences between SEBM and other powder bed 
fusion processes. When electron beam interacts with metal powders, a charge 
distribution takes place around the beam targeted area. As the charge accumulates and 
the charge density exceeds a critical limit, the powder particles will repel each other 
and cause a smoking phenomenon [88]. Preheating each powder layer can provide a 
half-sintered surrounding and thus stop particles drifting. The half-sintered surrounding 
can act as supporting material for overhanging structures but also result in difficulties 
to remove “loose” powder from internal features [89]. In addition, SEBM is carried out 
in vacuum and high temperature during processing, which makes it well suited to 
materials with a high affinity to oxygen such as titanium alloys. It can also decrease 
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temperature gradients inside the powder bed and hence reduce residual stress remained 
in products [77, 90].  
The EBM S12 system provides a maximum beam power of 3.5 kW, a spot size of 100 
~ 400 μm and a maximum build size of 200 × 200 × 180 mm3. During the generation 
process, a vacuum of 10-4~10-5 mbar is employed [86]. After that, Arcam successively 
released Arcam A2, Arcam A1 and Arcam A2X models from 2007 to 2009, which 
provide larger build envelopes and are suitable for production of larger structural parts 
and foe volume production of orthopedic implants. The model Arcam A2XX released 
in 2012 offers the largest build envelope so far on the SEBM platform (350 × 350 × 
380 mm3), while the newly released Arcam Q10 and Arcam Q20 are developed 
specifically for industrial production of implants and aerospace-related components, 
respectively [85]. The powder thickness applied in these models can be varied from 50 
to 200 μm, and the powder supplied by Arcam include Ti-6Al-4V, Ti-6Al-4V ELI 
(extra low interstitial), CP Ti (Grade 2) and Co-Cr (ASTM F75).  
Another reported SEBM equipment is SEBM-250 developed by Tsinghua University 
together with Northwest Institute for Non-ferrous Metal Research in China in 2007 [91]. 
It is still laboratory scale, which has a maximum beam power of 3 kW, a build envelope 
of 230 × 230 × 250 mm3, layer thickness of 100 ~ 300 μm, beam spot of 200 μm and 
scanning rate of 10 ~ 100 m/s [91]. 
 
 
 
 
 
44
 (a) 
 
Fig. 2.33 (a) Internal schematic of Arcam SEBM system [85]; (b) component 
generation steps [86]. 
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 Applications of SEBM 
The development of SEBM creates new opportunities for both prototyping and low 
volume productions, making it especially promising for aerospace industries. It can 
effectively shorten processing time, lower cost and address the challenges of machining, 
making the components readily available for functional testing or installation [92, 93]. 
Countries such as China, U.S., Singapore, Russia and Australia have made a lot of 
investment into the research and applications of SEBM [85, 94-101]. 
Chernyshev Moscow Machine-Building Enterprise (Russia) successfully applied 
Arcam SEBM to build a gas turbine engine compressor support case for aircraft. The 
Ti-6Al-4V support case shown in Fig. 2.34 has a dimension of Ø 267 mm × 75 mm, a 
weight of 3.5 kg. It was built within only 30 hours, which is much shorter than the 
building time consumed in traditional manufacturing methods [94].  
 
Fig. 2.34 SEBM-fabricated gas turbine engine compressor support case for RD-1700 
engine [94]. 
Researchers at the Italian aerospace company Avio Aero, part of the GE Aviation group, 
have developed a SEBM process for turbine blades of jet engines from titanium 
aluminide (TiAl), as shown in Fig. 2.35 [95]. The material can be used to produce parts 
that are up to 50% lighter than nickel-based super alloys. It takes just 72 hours to build 
eight stage 7 blades for the low pressure turbine that goes inside the GEnx jet engine. 
These AM TiAl blades will be commercially used in the GE9X engine, a new jet engine 
being developed for Boeing’s forthcoming long-haul plane, the 777X [95].   
46
 Fig. 2.35 SEBM-fabricated Ti-Al turbine blades for the LEAP, GEnx, GE90 and 
GE9X jet engines [95]. 
The warm air mixers shown in Fig. 2.36 are designed by Northrop Grumman Corp. and 
fabricated by CalRAM Inc. using an Aracm A2X for the U.S. Navy’s unmanned combat 
aerial surveillance system. The layer-build component resulted in part count reduction 
and elimination of post-production assembly costs and time while still being able to 
meet all of the engineering design requirements [96]. 
 
Fig. 2.36 SEBM-fabricated warm air mixer [96]. 
A honeycomb-structured rotor with hexagonal cone-shaped pore channels has been 
designed and fabricated by Northwest Institute for Nonferrous Metal Research in China 
using SEBM (Fig. 2.37). The oil–gas separation for aero-engine application has been 
assessed. This novel structure is much superior to typical Ni-Cr alloy foam structures 
as its compressive strength can reach 110 MPa and oil-gas separation efficiency can 
obtain 99.8% [97].  
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 Fig. 2.37 (a) Ti-6Al-4V honeycomb oil–gas separation rotor additively manufactured 
by SEBM and (b) hexagonal structure on the outer cylindrical surface [97]. 
Additionally, SEBM enables new design configurations (e.g., cellular structures) and 
weight-reduction alternatives, which are beneficial to the biomedical field. Patients’ 
specific porous orthopedic implants like femoral stems and spinal interbody fusion 
cages can be custom-designed and fabricated [102-104]. Acetabular cups with 
integrated Trabecular StructureTM (as seen in Fig. 2.38) fabricated by Arcam SEBM for 
improved osseointegration have met both CE marking (Conformité Européene) and 
FDA (U.S. Food and Drug Administration) requirements [85]. More than 40,000 
titanium acetabular cups made by the process had been implanted by April 2014 and 
globally this accounts for about 2 pct of the production of acetabular cups in 2014 [98]. 
 
Fig. 2.38 Acetabular cups with integrated Trabecular StructureTM fabricated by SEBM 
[85].  
In 2005, an Australian medical device company, Anatomics, in collaboration with the 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) designed and 
manufactured a titanium sternum and rib cage (Fig. 2.39a) for a Spanish cancer patient 
using Arcam A1 SEBM model at CSIRO’s 3D printing facility lab 22 [99].  The chest 
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wall and tumour were 3D reconstructed by the Anatomics team with the help of a high 
resolution CT, assisting the surgeons to accurately define resection margins and to 
create a 3D model for replacement parts in ribcage (Fig. 2.39b).  
 
Fig. 2.39 (a) SEBM-fabricated titanium sternum and rib implant; (b) schematic of the 
sternum and rib implant installed in patient’s ribcage [99]. 
A German company, Joimax, has received FDA certificate for marketing their 
Endoscopic Lumbar Interbody Fusion (EndoLIF), a SEBM-fabricated titanium implant, 
shown in Fig. 2.40 [100] It is printed in such a way that the cage features a porous 
surface with a diamond cell structure, which facilitates cells to proliferate and bone to 
grow onto the metal implant. This EndoLIF offers surgeons an unprecedented 
opportunity to take an “inter-muscular” approach to back surgery [100]. 
 
Fig. 2.40 SEBM-fabricated titanium implant called Endoscopic Lumbar Interbody 
Fusion [100]. 
The EBM technology enables innovation in many areas including jet engines, medical 
implants to small parts on bicycles. Flying Machine, an Australian company, 
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collaborated with CSIRO and revealed a titanium bike that features eight titanium “lugs” 
(Fig. 2.41) printed by the Arcam A1 machine in 2014 [101]. SEBM technology is used 
to create the titanium frame tubes which are connected by lugs, allowing the geometry 
of all bikes to be customized. 
 
Fig. 2.41 (a) Titanium lugs printed by Arcam A1 machine at CSIRO; (b) assemble 
schematic of lugged frame [101]. 
In addition to the above mentioned SEBM-fabricated Ti alloy components, SEBM has 
also been extensively used to produce components of other alloy systems, such as 
nickel-based superalloys [105, 106], ferroalloys [107, 108], copper-base alloys [109-
111], cobalt-chromium alloys [112-114], and high entropy alloys [115], etc.   
2.3.4 Properties of Metal Powder for Powder Bed Fusion Processes 
Feedstock metal powder has a significant influence on the mechanical properties, 
surface finish and cost of the AM components [84]. Metal powder characterization is 
necessary, which can allow operators to confidently select powder and produce parts 
with known and consistent properties [116, 117]. In addition, as the unmelted powder 
could be recycled for further use, the characterization of used powder is also important 
for the consistence of products. The properties of metal powder include powder 
morphology, particle size distribution (PSD), flowability, chemical composition and tap 
density.  
The flowabililty plays a critical role in developing a continuous and uniform powder 
layer during each powder spread process on the powder bed [84]. The following 
attributes enable powder to flow smoothly: spherical in shape, lowest surface roughness, 
narrow PSD, incompressibility, high density, hard and stiff so that deformation of 
powder would not occur, small inter-particle coefficient of friction, low weldability 
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among various types of powder in a powder mixture, and free from any fluid particle 
(low humidity in the environment) [62].  
Metal powders for additive manufacturing are typically made through one of the 
following three processes, gas atomization (GA), advanced plasma atomization 
(APATM) process and plasma rotating electrode process (PREP). They can all provide 
quality spherical metal powders with excellent flowability. Their principles have been 
specified in Section 2.2.4 - 2.2.6. The Ti-6Al-4V and Ti-6Al-4V ELI powders used for 
Arcam SEBM machines were GA powders before 2014, now they are mainly produced 
by wire-based APATM process [59]. They are commonly in a size range of 45 to 100 
μm. The GA show a mainly spherical morphology with a small amount of satellites due 
to the typical processing route, shown in Fig. 2.42 [118, 119]. Some particles have a 
hollow feature because historically argon was trapped as a gas bubble during the rapid 
solidification process, as shown in Fig. 2.43 [120]. APATM powder also provides a 
spherical morphology, shown in Fig. 2.44 [59], while few satellites are produced [5, 59, 
121] and no residual pores are entrapped in the particles because plasma torches are 
used to disintegrate the molten wire.  
 
Fig. 2.42 (a) Morphology of GA Ti-6Al-4V ELI powder supplied by Arcam; (b) 
satellite particles attached to coarse particles [118]. 
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 Fig. 2.43 (a) Optical metallographic view of a hollow GA Ti-6Al-4V particle after 
polished and etched; (b) SEM view of gas bubble breaking particle surface [120].  
 
Fig. 2.44 SEM image of APATM produced Ti-6Al-4V ELI powder with a size of 45 - 
106 μm [59]. 
 
Tang et al. examined the influence of powder reuse times on the characteristics of 
Arcam Ti-6Al-4V powder, including particle morphology, flowability, powder 
composition, PSD, and apparent/tap density [84]. Fig. 2.45 shows the morphology 
evolution as reused times increase. The powder became less spherical and rougher with 
increasing reused times. Small amounts of distorted particles appeared after reusing 16 
times (Fig. 2.45d) and satellite particles became less as reused times increase. Although 
the morphology became worse after recycle, the flowability was unexpectedly 
improved, as listed in Table 2.5. They attributed this to the removal of satellite particles 
and reduced moisture after repeated long exposure to vacuum and high temperature in 
SEBM chamber [84].  
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 Fig. 2.45 Morphology and surface features of reused Ti-6Al-4V powder: (a) and (a1): 
reused twice; (b) and (b1): reused 6 times; (c) and (c1): reused 11 times; (d) and (d1): 
reused 16 times; and (e) and (e1): reused 21 times [84]. 
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Table 2.5 Characteristics of virgin and used Arcam Ti-6Al-4V powder [84]. 
Reuse times 
Flowability 
(s/50g)a 
Apparent density 
(g/cm3)a 
Tap density (g/cm3)a 
0 (virgin) 32.47 2.56 2.96 
6 29.50 NAb NAb 
11 29.50 2.58 2.94 
16 27.85 2.59 2.91 
21 28.34 2.57 2.88 
NA not applicable; a The measurement uncertainties were within ±0.04 s for 
flowability; ±0.0066 g/cm3 for apparent density and ±0.0048 g/cm3 for tap density; 
bSample powder was taken only for flowability testing.  
 
The GA Ti-6Al-7Nb powder supplied by MCP HEK GmbH exhibited poor flowability 
in SLM, Marcu et al. applied simple heat treatment to it for flowability improvement 
[122]. The powder was subjected to heat treatments in air at 400oC, 500oC and 600oC, 
for 1 h, followed by furnace cooling. The as-received powder and 400oC treated powder 
showed no flowability, while the powder after 500oC and 600oC heat treatments flew 
well when being spread on a powder bed. One factor affecting flowability was assumed 
to be the ratio between Al2O3 and TiO2 in the surface oxide layer, which accounted for 
the surface acidic/basic properties [122].  
Slotwinski et al. made detailed characterization on how virgin GA stainless steel 
powder (17-4 SS) and Cobalt Chromium powder (CoCr) change after being exposed to 
and recycled from one or more DMLS build cycles. Some of their results are illustrated 
in Fig. 2.46 ~ Fig. 2.48 [123]. Note that powder samples with a significant fraction of 
small particles or irregularly shaped particles may have inconsistent or greatly reduced 
flow rates, or both [123].  
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 Fig. 2.46 Rounded, spherical powder particles for 17-4SS virgin powder. 
Accretionary coatings affecting powder roundness, pocks (golf ball texture), and nubs 
can be seen. A smooth surface is seen for the centered-accretionary particle [123]. 
 
 
Fig. 2.47 (a) A sieve residue 17-4 stainless steel particle exhibiting a framework grain 
structure with enhanced grain boundaries; (b) the enhanced grain boundaries and 
apparent matrix binding phase [123]. 
 
Fig. 2.48 Virgin CoCr powders. Much more small particles attached to large particles 
can be seen and particles with other kinds of non-round morphologies are clearly 
evident [123].  
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Powder with a higher tap density will favour the formation of a higher density 
deposition layer and less shrinkage during melting [84]. Powder tap density largely 
depends on the PSD. Fig. 2.49 show a scenario where three spherical particles are 
placed next to each other. The gap or unfilled space between the three particles requires 
a small particle to fill in in order to get a higher packing density. To further increase the 
packing density, a smaller particle would be needed (red particle in Fig. 2.49b). Thus a 
suitable PSD of feedstock powder is required to maximize the product density [62].   
 
Fig. 2.49 (a) Packing by trimodal size distribution of spherical powders; (b) Packing 
by bimodal size distribution of spherical powders [62]. 
The PSD of virgin Arcam Ti-6Al-4V ELI powder has been characterized by 
Mohammadhossein et al. [118], and the result is shown in Fig. 2.50. The powder had a 
mass median particle diameter of D (v, 0.5) of 67 μm, which means that 50% of the 
particles are smaller, and the other 50% are larger, than this size. The particle sizes D 
(v, 0.1) and D (v, 0.9) are 50 μm and 89 μm, respectively, indicating that 10% of the 
particles are below 50 μm and 90% of the particles are below 89 μm [118]. In the  
experiments reported by Tang el al. [84], although powder had been reused 21 times, 
and the PSD became narrower with increasing reuse times (Fig. 2.51), the apparent and 
tap density did not show significant change (as listed in Table 2.5). The increase in both 
yield strength and ultimate tensile strength resulted from the increase in oxygen content, 
rather than packing density related processing issues [84]. 
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 Fig. 2.50 The PSD of virgin Arcam Ti-6Al-4V ELI powder [118]. 
 
Fig. 2.51 Particle size distribution of Arcam Ti-6Al-4V powder versus reuse times 
[84]. 
Karlsson et al. [124] investigated the use of two different size ranges of Ti–6Al–4V 
powders for SEBM: 45 ~ 100 μm powder which is standard for Arcam SEBM machines, 
and a 25 ~ 45 μm powder. No significant differences were found in bulk chemistry, 
surface oxide thickness, macro- and microstructure and mechanical properties apart 
from a better surface appearance offered by the finer powder. They concluded that with 
further developments of processing parameters, fine powder in the size range of 25 ~ 
45 μm can also be employed in SEBM for improving resolution [124].  
Consistency in chemical composition of the feedstock powders is important as large 
variations in composition can lead to changes in microstructure and mechanical 
properties. Preliminary characterization is necessary in order to verify the nominal 
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composition of the alloy including impurities. Owing to the hot and high-vacuum 
operating environment in a SEBM systems, light evaporation can be observed, 
especially when low melting point elements such as Al are involved [84, 125, 126]. 
However, the evaporation of Al is manageable by enriching the Al content of the start 
powder [125]. Gaytan et al. reported that the powder chemistries of Arcam Ti-Al-4V 
and solid build chemistries stayed constant for up to 40 cycles of powder reuse, but 
there was a 10–15% reduction in Al content in the solid builds under optimised build 
conditions [120]. In addition, the vacuum atmosphere of SEBM offers an environment 
where powder contamination can be negligible. In Ref. [84], the pick-up of oxygen 
increased from 0.08 wt.% of virgin power to 0.19 wt.% after 21 times of reuse, which 
still meets the requirement of standard specification for additive manufacturing of Ti-
6Al-4V with powder bed fusion [127]. Powder contamination can be readily addressed 
by mixing with virgin powder.  
Slotwinski and Cooke et al. [116, 123, 128] have done systematic researches on the 
metrology issues associated with the measurement and characterization of the metal 
powders used for AM systems. Most of the current test methods for powder properties, 
including size, morphology, chemical composition, flowabilty, thermal properties, and 
density, have been reviewed through 21 relevant consensus-based ASTM standards and 
31 technical publications. Ref. [129] pointed out that currently employed methods for 
characterizing AM powders are not sensitive enough or not appropriate to fully identify 
and quantify powder characteristics that are important to an AM process. A 
combination of shear, dynamic, and bulk property measurements should be 
incorporated to fully understand powder performance in the vast majority of AM 
systems [129]. 
2.3.5 Properties of SEBM-Fabricated Ti-6Al-4V Alloy 
The energy density of the electron beam is sufficient to melt a wide variety of metals 
and alloys. SEBM has the potential to process many material classes, such as Al alloys, 
stool steel, and Co-based superalloys, etc. However, Ti-6Al-4V remains to be the single 
most extensively studied alloy for SEBM and other metal AM process. 
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 As-built Surface of SEBM-fabricated Ti-6Al-4V Alloy 
When compared to machined surfaces, a significant challenge to all metal AM 
processes including SEBM, is the poor surface finish, which generally arises from two 
issues: (1) partially melted particles attached on the surface; (2) a staircase or a seam 
line between surface layers due to the layer-by-layer AM processes. Hence, subsequent 
post-processing is often necessary to eliminate dimensional inaccuracy and to obtain 
desired surface quality [64]. Jamshidinia et al. [71] and Haslauer et al. [130] reported 
that the surface arithmetic average roughness Sa (or Ra) value of SEBM parts is in the 
range of 30 ~ 68 μm, compared to the range 7 ~ 16 μm by SLM [131, 132]. Arcam had 
changed the layer thickness from the initial 200 μm to 100 μm, and then to 70 μm and 
the current 50 μm since 2003. Accordingly, the Sa can be reduced to 27 μm using 
optimum parameters [133]. Karlsson et al. [124] have visually confirmed that the 
powder size and layer thickness have significant effect on surface topography of SEBM 
Ti-6Al-4V parts, as shown in Fig. 2.52. In addition, support structures that were placed 
under overhang surfaces for reducing the curling effect, can also contribute to the 
deterioration of surface finish [134].  
 
Fig. 2.52 SEM micrographs presenting as-fabricated SEBM surfaces from (a) 45-100 
μm powder and layer thickness 70 μm; (b) 45-100  μm powder and layer thickness 50 
μm; (c) 25-45 μm powder and layer thickness 70 μm; (d) 25-45 μm powder and layer 
thickness 50 μm [124]. 
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 Porosity of SEBM-fabricated Ti-6Al-4V Alloy 
Researchers have reported that the SEBM technique can produce Ti-6Al-4V 
components with a 99.4 ~ 99.8% of theoretical density with optimised process 
parameters using Arcam-supplied GA powder [135-137]. Porosity results reported by 
Arcam are listed in Table 2.6 [56]. Pores are generally classified as either elongated or 
spherical. Elongated pores are oriented along the powder layer direction (Fig. 2.53a) 
and they are caused by the lack of fusion between two powder layers. These pores can 
be eliminated by optimizing SEBM process parameters including scanning strategies 
and layer thickness. Spherical pores shown in Fig. 2.53b have nearly perfect 
spheroidicity, which are gas pores due to entrapped argon gas within the GA powder 
particles, as shown in Fig.2.43 [120, 125]. Eventually, a hot isostatic pressing (HIP) 
process needs to be performed on SEBM-fabricated components when it is necessary 
to substantially remove both kinds of pores. A standard HIP route for AM Ti-6Al-4V 
is 100MPa pressure at 900oC ~ 920oC for 2 hours. Gaytan et al. reported that single 
standard HIP cycle can largely remove voids but sometimes remnants persist (as shown 
in Fig. 2.54) which cannot be completely eliminated due to surface tension and low 
bubble (gas) pressure [120].   
Table 2.6 Porosity quantified by helium pycnometry on Ti6Al4V and Ti6Al4V-ELI 
in powder and solid form [56]. 
 Porosity (vol. %) 
GA Ti-6Al-4V powder 0.27 
GA Ti-6Al-4V ELI powder 0.17 
Ti-6Al-4V as built by SEBM 0.19 
Ti-6Al-4V SEBM + HIP 0.00 
Ti-6Al-4V ELI, as built by 
SEBM 
0.11 
Ti-6Al-4V ELI, SEBM + HIP 0.00 
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Fig. 2.53 (a) Lack of fusion defect between powder layers; (b) spherical pores arising 
from powder porosity [120].  
 
Fig. 2.54 (a) A remnant of collapsed void after HIP; (b) symmetrical void collapse 
after HIP [120]. 
 Microstructure of SEBM-fabricated Ti-6Al-4V Alloy 
Similar to other AM processes like SLM and DMLS, the bulk microstructure of Ti-6Al-
4V alloy developed in SEBM is made up of coarse columnar prior β grains delineated 
by wavy grain boundary α and Widmanstӓtten structure within which acicular colonies 
nucleate along grain boundary α [138-141], as seen in Fig. 2.55. The development of 
coarse columnar prior β grains during solidification is mainly caused by three reasons: 
(1) high thermal gradient (3 ~ 5 × 103 K/cm) and heat dissipation along building 
direction accelerate the epitaxial growth of solid phase during solidification, and the 
epitaxial columnar grains may ‘swallow’ the new melt pool prior to the nucleation [142]; 
(2) narrow liquid/solid phase region of Ti-6Al-4V alloy facilitates the epitaxial growth 
of solid phase during solidification [29]; (3) high solubility of aluminium and vanadium 
in titanium results in a low growth restriction factor Q (Q = mCo(k-1), where m is the 
slope of the liquidus, Co is the solute concentration and k is the partition coefficient), 
indicating a slow buildup of constitutional supercooling and thus a limited nucleation 
rate ahead of an advancing solid-liquid interface [143, 144]. In addition, the melt pools 
overheated by a high energy beam (e.g. ~ 2500oC in [145]) can reduce the 
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heterogeneous nucleation by melting potential nuclei in the melt, contributing to the 
epitaxial growth of coarse columnar β grains [143].  
 
Fig. 2.55 Typical bulk SEBM Ti-6Al-4V microstructure (z-axis top to bottom) [138]. 
Solidification variables, such as thermal gradient and cooling rate, can be derived using 
Rosenthal equation and plot onto the solidification map proposed by Kobryn (see Fig. 
2.56)  [138, 146]. Most of the results fall into the full columnar region with the tail of 
the melting pool going into the mixed region or equiaxed region. The absence of 
equiaxed grain on top of the samples might be due to the fast growth rate of columnar 
grain than that of equiaxed grain nucleation and low interface energy between 
liquid/solid, which facilitates the epitaxial growth of the columnar grains [147, 148]. 
Bontha et al. [149] through Rosenthal and finite element modelling work reported that 
higher power beam can move the solidification morphology from columnar to equiaxed 
region, but no further experimental study on SEBM has been reported yet. 
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 Fig. 2.56 Solidification map of Ti-6Al-4V proposed by Kobryn [146], data reported in 
literatures are also plotted [138, 149].  
Antonysamy et al. [150] report that besides the columnar β grains, SEBM-fabricated 
Ti-6Al-4V alloy has complex skin and core structure which contain five types of β 
grains from the outmost wall surface (Fig. 2.57): 
(i) small grains within a thin layer of partially melted powder attached to the 
wall surface with a random orientation;  
(ii) fine inward-growing curved-columnar grains develop as far as the 
centreline of the contour pass;  
(iii) some of these grains are favourably orientated and continue to grow long 
distances up the wall at the contour pass centreline-producing ‘axial grains’; 
(iv) regular lath morphology columnar grains growing upwards in the inner half 
of the contour pass;  
(v) vertically-growing coarse irregular columnar grains within the hatching 
area.   
In experiment done by Antonysamy et al. [150], thin sections with a thickness of 1 ~ 2 
mm consist of structures (i) to (iii), and all five structures are observed in thick sections 
(>2 mm) which require cross hatching. 
Al-Bermani et al. [138] investigated the microstructure and texture of SEBM-fabricated 
Ti-6Al-4V alloy using electron backscatter diffraction (EBSD). By reconstructing the 
EBSD data of room temperature α phase, it was found that prior β grains were highly 
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textured with a 10 times random preference of the [001] pole to align with the building 
direction. No variant selection had been observed in the transformed microstructure. 
Low-angle grain boundaries were observed, suggesting a potentially complicated 
deformation as a result of the thermal history. Antonysamy et al. [150] also confirmed 
the development of pronounced <001>β // Z axis texture (~ 8 times random) in a bulk 
section of as-deposited SEBM Ti-6Al-4V alloy. However, the texture and intensity in 
the bulk section varied significantly with build height, as seen in Fig. 2.58. Small grains 
and weak cube texture in the inverse pole Figure (IPF) map were observed in the lowest 
section which was only 0.5 mm (~ 5 layers) above the build plate (Fig. 2.58a). An 
increasing texture strength and a stronger cube texture in the IPF map were obtained at 
the build height of 5 mm (Fig. 2.58b). As the build height increased to 25 mm, a <001>β 
// Z axis fibre texture was seen with a nearly uniform spread around building direction 
(Fig. 2.58c). In the section close to the top of the build a weaker, spread, cube 
component can be seen to have returned to the <001>β // Z axis fibre texture (Fig. 2.58d) 
[150]. 
 
Fig. 2.57 Diagram showing the different surface β grain structures generated by the 
contour pass and in-fill hatching within bulk sections [150]. 
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 Fig. 2.58 Large area reconstructed β-phase inverse pole Figure maps and 
corresponding textures obtained in the plane of the melted layers in a bulk section, at 
different build heights of: (a) 0.5 mm, (b) 5 mm, (c) 25 mm and (d) 35 mm near the 
build top surface [150]. 
Tan et al. [139] summarized the microstructural evolution of Ti-6Al-4V fabricated in 
SEBM: melt → prior β grains → αʹ martensite → α + β. The cooling rate in SEBM is 
confirmed to exceed 103 K/s [138, 150], which is significantly higher than the critical 
cooling rate of 410oC/s for martensitic transformation [17]. While the base plate is 
usually kept at ~ 650oC during the building process, combining with long processing 
time can result in completed decomposition of αʹ martensite into α + β phases [139]. In 
some cases, however, αʹ martensite can be remained in the as-deposited SEBM Ti-6Al-
4V samples. Al-Bermani et al. reported that a ~500-μm layer of martensite remained 
on the top of the sample (height less than 5 mm) because of high cooling rates through 
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the Ms temperature, while the sample with a height of 18 mm was absence of martensite. 
[138]. Gong et al. also reported the observation of martensite but the location was at the 
bottom layers [119]. When increasing the scan rate, a higher cooling rate can be 
obtained and promote the volume fraction of martensite [151]. It is still debatable 
regarding the existence of αʹ martensite in as-deposited SEBM Ti-6Al-4V alloy.  
The microstructure of α and β phases do not homogeneously develop within single 
samples as the distance from the base plate increases. Hrabe and Quinn [141] reported 
that the thickness of α lath increased from 0.84 μm at the height of 3 mm to 1.25 μm at 
the height of 18 mm from the base plate, and Murr et al. [152] also reported similar 
observation that the average acicular α lath thickness was 1.6 μm in the bottom region 
of the build but 3.2 μm in the top region within a 68 mm-height cylinder, as shown in 
Fig. 2.59. In addition, both of β grain width and β rod interspacing were found to 
increase as build layers increased. Tan et al. [139] reported that the prior β grain width 
gradually increased from 42.77±14.52 μm at the bottom to 56.82±13.73 μm at the top 
(30 mm), and the average β rod interspacing increased from 0.58±0.11 μm to 0.77±0.20 
μm. The volume fraction of α and β phases in the SEBM fabricated Ti-6Al-4V have 
been calculated using different methods. The volume fraction of rod-shaped β phase 
was about 2.7% according to the TEM/EDX results [140], while it was about 5% and 
3.56±0.51% when using contrast calculation in SEM images and atom probe 
topography, respectively [139].  
 
Fig. 2.59 Optical metallographic views showing acicular, α lath (Widmanstätten) 
microstructures at ~1 cm from the top (a) and ~1 cm from the bottom (b) of a Φ12 
×68 mm SEBM-fabricated Ti-6Al-4V sample [152]. 
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 Tensile and Fatigue Properties of SEBM-fabricated Ti-6Al-4V Alloy 
SEBM-fabricated components must satisfy basic mechanical properties required for the 
practical applications. Thus the mechanical properties of SEBM-fabricated Ti-6Al-4V 
products have been studied extensively. The reported static tensile results of SEBM-
fabricated Ti-6Al-4V samples with or without surface machining are summarized in 
Table 2.7 [56, 137-139, 153-156]. The tensile property requirements specified by 
ASTM F1472 and ASTM F136 are also listed [157, 158]. The tensile properties of 
SEBM-fabricated Ti-6Al-4V alloy after post machining comply with the ASTM 
standards. Svensson et al. from Arcam reported that for most practical purposes, the 
tensile properties can be considered generally isotropic as there is no significant 
difference between the samples built in Z and XY directions [56]. The difference 
between the as-built and the HIP samples is small, indicating high density in the as-
built state, but the data scattering zone of the as-built samples is wider than that of the 
HIP samples, arising mainly from interior pores with different shapes and the uneven 
microstructure which can be post eliminated by HIP (see Section 2.3.5.2).  Ref. [73] 
plotted the tensile properties of SEBM-fabricated Ti-6Al-4V from various studies into 
a chart, as shown in Fig. 2.60. Although some samples failed to meet the 10% 
elongation requirement, most of SEBM-fabricated Ti-6Al-4V can readily meet the 
minimum tensile property requirement for mill-annealed counterparts, thus not much 
attention has been paid on the post-AM heat treatment of SEBM Ti-6Al-4V (excluding 
HIP).  
In addition, surface finish appears to have a substantial influence on mechanical 
properties as demonstrated in [155], [156], [159] and [160]. Compared to 
machined/polished samples, as-built samples with ripple surfaces (Fig. 2.52, Ra: 30 ~ 
68 μm) exhibit lower yielding stress and elongation to failure. Everhart et al. [159] 
reported that the machined SEBM-fabricated Ti–6Al–4V samples showed an increase 
in yield stress and tensile stress of 21.1% and 22.23%, respectively, while the 
elongation and reduction of area were reduced by 93.6% and 29.4%, respectively. 
Rough surfaces induce stress concentration at the grooves and act preferentially as crack 
initiators [160]. Formanoir et al. [160] reported that a ~150 μm thick layer at the rough 
surface can be considered as mechanically inefficient, thus the geometry design should 
include this as working allowance for obtaining the actual or intrinsic yield strength of 
the material.   
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Table 2.7 Tensile properties of SEBM-fabricated Ti-6Al-4V summarized from 
references [56, 137-139, 153-156]. 
 
Dir
. 
YS 
(MPa) 
UTS 
(MPa) 
El. 
(%) 
A 
(%) 
Remarks 
Ti-6Al-4V 
as-built 
Z 
879 953 13.8 46.0 [56]a 
884-939 994-1032 11.6-13.6 - [138]a 
987 1103 15.0 33.9 [159]a 
813 901 7.3 23.7 [159]b 
XY 870 971 12.1 34.5 [56]a 
Ti-6Al-4V 
HIP 
Z 
868 942 12.9 43.5 [56]a 
880 930 >10 - [153]a 
841-875 939-978 13.4-14.0 - [138]a 
XY 866 959 13.6 36.8 [56]a 
ASTM F1472 
[157] 
- >860 >930 >10 >25  
Ti-6Al-4V ELI 
as-built 
Z 
802 904 13.8 47.0 [56]a 
856 924 15 - [154]a 
- 1028 >14 - [155]a 
822-960 910-1039 13.5-17.8 42.1-54 [84]a 
904-929 991-1012 13.5-16.4 33.9-51.4 [137]a 
- 928 <3 - [155]b 
735 775 2.3 - [156]b 
832 - 3.64 - [160]b 
XY 
817 918 12.6 42.5 [56]a 
823-852 941-965 13.2-16.3 - [139]a 
Ti-6Al-4V ELI 
HIP 
Z 
807 902 14.8 46.8 [56]a 
800 876 16 - [154]a 
800-814 909-911 16.6-17.7 51.9-55.8 [137]a 
XY 
814 916 13.6 35.3 [56]a 
841 938 20 - [154]a 
ASTM F136 
[158] 
- >795 >860 >10 >25  
Dir. – building direction; YS – yield stress; UTS – ultimate tensile stress; El – 
elongation; A – area reduction; a machined/polished surface; b as-fabricated surface. 
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 Fig. 2.60 Tensile properties of SEBM-fabricated Ti-6Al-4V from various studies, 
including samples that have undergone HIP [73].  
As regards the fatigue characteristics of Ti-6Al-4V samples fabricated by SEBM, 
compared to the large body of tensile property data, published values on fatigue 
properties are limited. A report by Christensen [154] had an estimation of 107 cycle 
fatigue limit just below 594 MPa using RR-Moore rotating beam fatigue (RBF) testing. 
A report from Arcam indicated the fatigue limits of a combination of XY+Z data using 
RBF as follow (machined surfaces) [56]:  
As-built Ti-6Al-4V:                      296 MPa at 107 cycles 
HIP Ti-6Al-4V:                             518 MPa at 107 cycles 
As-built Ti-6Al-4V ELI:               257 MPa at 107 cycles 
HIP Ti-6Al-4V ELI:                      518 MPa at 107 cycles 
The improvement of RBF performance after HIP suggests that there are some defects 
remained in the as-built samples, such as pores and lack of fusion. For the uniaxial high 
cycle fatigue (HCF) test, there is no specific ASTM standard for Ti-6Al-4V, while the 
HCF fatigue limits for cast and wrought material can be found in Ref. [6], together with 
data of AM Ti-6Al-4V samples (machined surfaces) from literatures are summarized 
by Ma et al. [73] and listed in Table 2.8. 
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Table 2.8 Fatigue strengths of conventionally manufactured and additively 
manufactured Ti-6Al-4V tested at R=0.1 (where R is the minimum to maximum peak 
stress) [73]. 
Non-AM Ti-6Al-4V [6, 161] AM Ti-6Al-4V [162-166] 
Condition 
Fatigue strength at 
107 cycles (MPa) 
AM process 
Fatigue strength at 
107 cycles (MPa)* 
Cast 200-360 SEBM 
Z: 390 
XY: 450 
Cast + HIP 520 
SLM, stress relief 
at 650oC for 4h 
400-510 
Mill-annealed 400-680 
Laser powder 
deposition 
≥ 600 
Solution-treated 
and aged (STA) 
700 
Laser wire (1.2 
mm dia., 0.045 
wt.% O) 
deposition, 3.5kW 
laser power 
770-790 
*Best fatigue strength data reported in literature for each AM process. 
Some prominent observations on the HCF performance of AM Ti-6Al-4V are 
summarized by Ma et al. [73]: 
 Post-AM surface treatments are necessary to improve the HCF performance. For 
instances, Greitemeier et al. [167] reported that the fatigue properties of both 
DMLS-, SEBM-fabricated Ti-6Al-4V alloys were dominated by surface roughness. 
With a surface roughness Ra of 110 μm and 214 μm, the fatigue limits were 
significantly lowered to 200MPa and 150 MPa for the DMLS and SEBM samples, 
respectively (uniaxial load, R = 0.1). The crack initiation of as-built samples incline 
to start from stress concentrations at the surface rather than from the defects or non-
homogeneous microstructure. Similar result was reported by Wycisk et al. [168] 
when exploring the fatigue properties of SLM samples. The endurance limit of 
samples with inherent surface roughness was only ~ 210 MPa (Ra ≈ 13μm), much 
lower than the 500 MPa of polished ones (Ra ≈ 0.5 μm). 
 The fatigue strength data of AM Ti-6Al-4V varies in a wide range. The variation 
of microstructure from different AM processes can lead to a big different HCF 
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performance. For example, Rafi et al. [169] investigated the fatigue performance 
of both SLM- and SEBM-fabricated Ti-6Al-4V samples, they found that the SLM 
samples had a limit of 550 MPa (R = 0.1) while the SEBM samples were much 
inferior (fatigue limit: 340 MPa, R = 0.1) as compared to the SLM samples. Fatigue 
behaviour of Ti-6Al-4V is substantially affected by its microstructure. The SEBM 
samples exhibit a coarse lamellar microstructures with α colonies and extended 
planar-slips running across these colonies, which are more inclined to crack 
initiation as compared to the fine acicular martensitic microstructures in the SLM 
samples [170].   
 Anisotropy in HCF performance of AM Ti-6Al-4V is observed (Table 2.6), which 
arises from the columnar prior-β grain structure, nonuniform distribution of defects 
(e.g. residual entrapped argon pores and lack of fusion) and other microstructural 
features [165].  
 Post HCP is necessary for improving fatigue performance of AM Ti-6Al-4V 
because of the effectiveness in eliminating internal defects and reducing anisotropy. 
For example, the S-N fatigue figure reported by CSIRO includes both experimental 
and Arcam reported data, as shown in Fig. 2.61. Clear improvement of fatigue 
performance be observed between [171]. 
 
Fig. 2.61 Uniaxial high cycle fatigue stress versus cycles to failure reported by 
CSIRO and compared with Arcam results (R = 0.1) [171]. 
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 Corrosion Behaviour of SEBM-fabricated Ti-6Al-4V Alloy 
Because of the formation of a very stable and continuous oxide layer on the surface, 
traditional cast and wrought Ti-6Al-4V alloys have long been recognized as high 
corrosion resistant materials and successfully applied on industrial areas which have 
high requirement for anti-corrosion performance, such as bio-medical and marine fields. 
Although many SEBM-fabricated implants, e.g. hip and knee joints, have been widely 
used globally [85], their corrosion behaviour has not been extensively studied yet. 
Koike et al. [156] evaluated the corrosion characteristics of various Ti-6Al-4V alloys 
using the electrolytic method and a potentiostatic polarization technique in a modified 
Tani-Zucchi synthetic saliva maintained at 37oC, as listed in Table 2.9. They reported 
that no significant differences were observed in all the parameters among the SEBM, 
wrought and cast Ti-6Al-4V ELI specimens. The SEBM specimens exhibited a superior 
passivation and corrosion performance in the oxidation potential range of the normal 
human oral cavity. 
Table 2.9 Corrosion characteristics of Ti-6Al-4V alloys tested in [156]. 
Specimen 
OCP 
(mv) 
Rp  
(MΩcm2) 
Icorr 
(nA/cm2) 
Ipass 
(nA/cm2) 
Ti-6Al-4V ELI (SEBM) -246(81)a 0.45(0.27)a 199(90)a 1644(583)a 
Ti-6Al-4V ELI (wrought) -158(15)a 1.36(0.48)ab 49(25)ab 837(249)ab 
Ti-6Al-4V ELI (cast) -246(66)a 0.75(0.71)ab 198(158)a 1137(752)ab 
OCP – open circuit potential; Rp – polarization resistance; Icorr – corrosion current 
density; Ipass – passive current density. Values are means (SD) for parameters of tested 
alloys. Identical letters indicate no statistical differences (p > 0.05). 
Abdeen and Palmer [172] applied both potentiodynamic and potentiostatic test on the 
SEBM-fabricated Ti-6Al-4V in 3.5 wt.% NaCl solution to determine the pitting 
potential and critical pitting temperature. The same tests were performed on wrought 
samples for comparison purpose. Their results showed that both SEBM and wrought 
samples exhibited excellent corrosion resistance in NaCl solution and were able to 
maintain passive at a high potential even the temperature was as high as 85oC. And the 
SEBM samples with rough as-built surface was found capable to withstand aggressive 
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condition in NaCl solutions with different pH values. In addition, they concluded that 
30oC is a critical temperature for Ti-6Al-4V to maintain a high pitting potential in NaCl 
solution. 
 Summary and Research Gaps Identified 
A concise literature review has been made of physical metallurgy of Ti and its alloys, 
techniques for producing Ti powder and developments in AM of Ti alloys. The surface 
conditions, microstructure, mechanical properties and corrosion performance of 
SEBM-fabrciated Ti-6Al-4V have been reviewed in detail, and the advantages and 
challenges of powder-bed based SEBM process were discussed. Although AM of Ti 
alloys by SEBM offers many advantages over other AM processes (e.g., SLM) and 
traditional subtractive manufacturing, great challenges still exist which hinder the full 
acceptance of SEBM-fabricated Ti components. Some of them are highlighted and 
summarized below: 
 Cost-effective Ti powders are highly desired for AM. Development of new low-
cost powder manipulation technology is therefore needed.  
 A systematic investigation of spatial variations in microstructure and mechanical 
properties of thick SEBM-fabricated block samples is missing in the literature.  
 The influence of as-built surface conditions by SEBM on the tensile properties and 
fatigue performance needs to be investigated. And effective surface modification 
processes are needed especially for those AM parts with intricate internal structures.  
 An in-depth understanding of the bio-corrosion performance of AM Ti-6Al-4V is 
required considering the increasing applications of AM Ti-6Al-4V implants due to 
the advantage of customization.  
This current PhD thesis is targeted at these research gaps. The findings are expected to 
enhance the understanding of the SEBM process for wider industrial applications. 
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Lowering the cost of feedstock powder has been a major issue for wider
applications of additive manufacturing (AM) of titanium (Ti) and its alloys. A
novel and inexpensive Ti sponge material was selected as a precursor and
processed using a CSIRO proprietary powder manipulation technology (PMT).
The manipulated powder was characterized in terms of the particle size dis-
tribution (PSD), roundness, flowability in the Hall Funnel flowmeter, static
angle of repose (AOR), apparent density and tap density. In addition, a uni-
versal powder bed (UPB) system was used to characterize the manipulated
powder behavior after raking. Two benchmark powders, virgin Arcam Ti-6Al-
4V powder and used Arcam Ti-6Al-4V powder, were assessed for a comparison.
PMT processing of the Ti powder precursor produced near spherically shaped
Ti powder in the size range of 75–106 lm, which performed very similarly to
the used Arcam powder in the UPB system. The CSIRO PMT offers a cost-
effective manipulation process to produce Ti powder promising for AM
applications, while the UPB system allows a quick assessment of the powder
spreading behavior in AM processes.
INTRODUCTION
Titanium (Ti) and its alloys are advanced struc-
tural materials that have found important applica-
tions in aerospace, medical implantation, chemical
processing, marine engineering, desalination, and
other industries. However, the high cost of Ti com-
ponents, arising from both the Ti metal itself and
the manufacturing process, hinders their wide-
spread use in these industries.1 Hence, lowering the
cost of the feedstock material and employing near-
net-shape technologies are both highly desirable.
In recent years, additive manufacturing (AM), as
opposed to conventional subtractive manufacturing,
has been recognized as a revolutionary group of
near-net-shape fabrication technologies. For pow-
der-based AM techniques, controlled by computer-
aided design (CAD) models, feedstock materials are
deposited onto a platform and directly melted by a
high-energy beam (laser, electron, or plasma beam),
leading to the geometry buildup of a part layer by
layer.2,3 This technology offers many design and
manufacturing advantages including short lead
time, high material use efficiency, and ability to
build complex and internal features and structures.
The development of AM technologies such as
powder-bed fusion processes based on selective laser
melting (SLM) or electron beam melting (EBM) has
broadened the markets of Ti materials in aerospace,
defense, and biomedical implant applications, which
require small quantities of functional prototypes
and structural components in complicated geome-
tries.4–6 Ti-6Al-4V (wt.%) components or samples
built by SLM (subject to heat treatment) or EBM are
near fully dense and show comparable strength and
elongation properties to their wrought counter-
parts.5,7–10 The properties of additively manufac-
tured parts are strongly affected by process
parameters including the laser/electron beam pow-
er, spot size, scanning speed, and preheat temper-
ature.2,7,8,11–15 However, not only the process
parameters but also the feedstock powder play a
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significant role in determining the properties of the
built-up components. For instance, the morphology,
particle size distribution, and purity of powders af-
fect the flowability and powder bed formation, and
hence the development of melt pools and micro-
scopic homogeneity.16–18
Because of the requirements of spherical mor-
phology, specific particle size ranges and chemical
purity, Ti powders used for SLM and EBM pro-
cesses in the current market are mainly produced
by gas atomization (GA) or the plasma rotating
electrode process (PREP), both of which have a high
operating cost. Furthermore, some AM equipment
vendors make available their own proprietary set of
powders for their specific machines. As a result, the
costs of powders and finished parts are high for the
majority of AM operations and applications. For
wider applications of Ti AM, cost-effective spherical
Ti powders suitable for AM are needed. Much effort
is being made in this regard, and examples include
the following:
 AMETEK, Inc. (Berwyn, PA)19 combined the
hydride-dehydride (HDH) powder manufacturing
process with a secondary plasma process and
developed an alternative high-volume, competi-
tively priced, spherical Ti powder production
process.
 Withers et al.20 combined a plasma-transferred
arc melter with a gas blowing system and pro-
duced spherical Ti alloy powders, the cost of
which is only three to five times the basic cost of
the feeds which is 1/10 to 1/15 times less than
current commercial cost of spherical Ti alloy
powder.
 Lu et al.21 applied fluidized bed jet milling to
crushed Ti alloy scraps less than 300 lm and
produced microfine high Nb-containing TiAl alloy
powders with a mean particle size of 5.32 lm and
a Wadell’s sphericity factor of 0.820.
The Arcam GA Ti-6Al-4V powder (Arcam, Mo¨lndal,
Sweden) is currently the most suitable Ti powder for
the Arcam EBM system and has been used as a
benchmark for other metal powders. Virgin Arcam
Ti-6Al-4V powder can be used many times for AM
by EBM. Hence, reusable Arcam Ti-6Al-4V powder
can serve as a benchmark too, especially for the
development of lower cost Ti powders.
In this study, a novel Ti precursor was selected
and manipulated using a CSIRO proprietary pow-
der manipulation technology (PMT) in an attempt to
produce lower cost Ti powders for AM. The precur-
sor was produced using a continuous Kroll process
developed at CSIRO for the direct production of Ti
powder. The CSIRO PMT processed the precursor
powder in deionized water mechanically by intro-
ducing high shear force. The particle–particle and
particle–rotor shaft impact forces contributed to the
particle size reduction and spheroidization. The
characteristics of the PMT-processed powder were
evaluated afterwards. In addition, a universal
powder bed (UPB) system, which was developed by
CSIRO and contains an identical powder feed and
raking system to that used in an Arcam A1 EBM
machine, was applied for the first time to charac-
terize the performance of the PMT-processed Ti
powder benchmarked against both virgin and used
Arcam Ti-6Al-4V powder.
EXPERIMENTAL METHODS
Powder Source
Two benchmark Ti powders were used: virgin Ar-
cam Ti-6Al-4V powder and used Arcam Ti-6Al-4V
powder. The virgin particle size range is quoted as
45–100 lm. According to the results of the particle
size distribution of the powders shown in Fig. 1
[which was measured by the laser diffraction method
using a Malvern Mastersizer X, Worcestershire,
UK], the volume ratio between the 45–75 lm and 75–
100 lm fractions is 4 to 3. The recycling of unmelted
powder is achieved by using a powder recovery sys-
tem. The exact number of times the powder had been
used was not documented but was more than 30
times, and it is still reusable for part building. The
used powder was sieved and particles in the range of
45–106 lm were applied in this study.
Each 30-g batch of as-received novel Ti precursor
was processed via PMT processing for 30 min. The
particle size distributions for both as-received and
PMT-processed powders were analyzed using U.S.
Standard Size designated test sieves Nos. 60, 100,
140, 200, 325, and 500, which correspond to sieve
openings of 250 lm, 150 lm, 106 lm, 75 lm, 45 lm,
and 25 lm, respectively. The sieve column was
typically placed in a tapping sieve shaker and sha-
ken for 20 min. Particles from the 45–75 lm and
75–106 lm fractions were mixed together at the
ratio of 4 to 3, with the aim of obtaining a similar
Fig. 1. Particle size distribution of virgin Arcam Ti-6Al-4V powder.
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particle size distribution to that of the virgin Arcam
powder.
Morphology and Microstructure Analysis
A Phillips XL30 scanning electron microscopy
(SEM) system (Philips, Amsterdam, the Nether-
lands) operating at an accelerating voltage of 5 kV
was used to examine the morphology and surface
features of both as-received and PMT-processed
novel Ti powders at various magnifications. A
monolayer of powder was spread on an aluminum
sample holder and then coated with iridium to im-
prove sample conductivity and also to promote
adhesion of the powder to the tape (preventing the
particles from being dislodged once the vacuum
system was in operation).
In accordance with ASTM F18777,22 the round-
ness of both as-received and PMT-processed novel
Ti powders was evaluated using a form factor (FF),
which is defined as
FF ¼ 4Ap
P2
(1)
where A is the area enclosed by the boundary of the
particle and P is the perimeter of the particle out-
line. FF = 1 corresponds to a perfect circle. High-
magnification SEM images were used to calculate
the form factors of both powders at different particle
sizes. Image Pro Plus 6.0 software (Media Cyber-
netics, Silver Spring, MD) was used to quantify the
area and perimeter of particles by calculating the
number of pixels enclosed. The threshold values for
each image were adjusted until the particle area
appeared completely white and the background
appeared completely black. All the complete parti-
cles in each image were investigated.
Flowability, Static Angle of Repose, and Den-
sity Measurements
Flowability is an important indicator to assess
the performance of powder in powder-bed AM sys-
tems, and it has a strong influence on the powder
layer forming process and hence on the uniformity
of the built-up components. Volumetric flowability
and static angle of repose (AOR) of both as-received
and PMT-processed novel Ti powders were tested.
An Arnold meter and Hall funnel were used
according to the ASTM B855-0623 for the volumetric
flowability test. This method consisted of slowly
sliding a bushing partially filled with powder over a
20-cm3 hole in a hardened steel block. The 20 cm3 of
powder obtained after removal of the steel block
was transferred to the Hall flowmeter and the flow
rate was reported in seconds per 20 cm3. To mea-
sure the static AOR, powder was dispensed through
a Hall funnel with a 2.5-mm diameter discharge
opening onto the center of a horizontal 65-mm
diameter plate so that it formed a conical heap. The
test was concluded when the powder heap covered
the entire surface of the plate such that further
addition of powder would result in no additional
accumulation of powder onto the heap. The AOR
was then measured as the angle between the sur-
face of the powder heap and the surface of the plate.
This procedure was repeated five times and the
average values were reported. To exclude the
influence of moisture on flowability measurements,
powders and devices were dried in a vacuum oven
at 80C for 8 h, and tests were conducted in a fume
cupboard immediately after taking them out of the
oven.
The apparent density of powders was measured
according to the ASTM B703-05.24 A hardened steel
block with a 20-cm3 hole was put on a preweighed
paper. A bushing partially filled with powder was
slowly slid over the hole without tipping, and then
the powder was collected and weighed. The appar-
ent density was calculated from the ratio of powder
mass and 20 cm3 volume.
The tap density of powders was measured
according to the ASTM B527-06.25 Two glass cylin-
ders, 100 mL and 25 mL, were used separately
based on the tested apparent density. The cylinders
were placed on a tapping apparatus (EU 42E2/110S;
J. Engelsmann AG, Ludwigshafen am Rhein, Ger-
many) and tapped until no further decrease in the
volume of the powder could be seen (approximately
2,400 tappings). The powder volume was read di-
rectly from the cylinders. The apparent and tap
densities of each powder were measured four times
and averaged.
Performance of Powders on Universal Powder
Bed System (UPB)
The UPB contained an identical powder bed sys-
tem to that used in the Arcam A1 EBM machine and
was controlled by a Siemens SINUMERIK 808D
programmable logical controller (Siemens AG, Ber-
lin, Germany). Both Arcam Ti-6Al-4V powder and
PMT-processed Ti powder were spread by raking on
the stainless steel base plate (210 mm 9 210 mm) of
the UPB. The standard raking speed of the Arcam
A1 EBM machine, which is 14 m/min (233.33 mm/
s), was employed on the UPB. Each powder gener-
ated a different surface texture, the layouts of which
were investigated by a Pentax K-x digital camera
(pixel resolution of 4288 9 2848; Ricoh Imaging
Americas Corporation, Denver, CO,) located right
above the base plate. Image Pro Plus 6.0 software
was used for statistical image analysis to quantify
distribution of particles where raised particles re-
flect light and show higher pixel intensity, whereas
the bottom particles show as dark regions. The ori-
ginal photos were converted to gray images, the
black and white intensity of each pixel was ex-
ported, then three-dimensional (3D) reconstruction
was performed using MATLAB software (The
MathWorks Inc., Natick, MA) based on the pixel
intensity.
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RESULTS AND DISCUSSION
Microstructure
Because AM builds up parts by depositing fused
powder layers on top of each other, the size of par-
ticles should be strictly controlled as the particle
size and layer thickness can have a significant im-
pact on the resolution, surface finish, and the for-
mation of voids, and consequently on the properties
of the build. Each AM equipment manufacturer
specifies a standard of powder that is allowed to be
used for each machine model. In the Arcam EBM
system, a powder size range of 45–100 lm together
with a layer thickness of 100 lm is normally
used,26 and recently the layer thickness has been
successfully reduced to 50 lm.27 For SLM systems,
a better surface finish can be obtained because a
smaller size range of powder (25–45 lm) is com-
monly used.28,29 In fact, even finer powder in the
size range of 1–10 lm has been applied on EOS
SLM (EOS GmbH, Munchen, Germany) to manu-
facture dental implant materials with optimized
surface properties.30
Figure 2 shows the particle size distributions of as-
received and 30-min PMT-processed novel Ti pow-
ders. About 78% of the as-received powder mass was
coarser than 250 lm (sponge-like block materials),
while the amount of the powder finer than 75 lm was
negligible. After 30-min PMT processing, only 4.6%
of the powder mass was still larger than 150 lm. The
concentration of 45–106 lm particles, which meet
the size requirement for Arcam EBM, was more than
50%. Approximately 30% of the powder was in the
range of 1–45 lm, which is appropriate for the SLM
system or cold spray process.
SEM images shown in Fig. 3 display the mor-
phologies of virgin Arcam Ti-6Al-4V powder
(Fig. 3a) and used Arcam powder (Fig. 3b). The
morphologies of as-received novel Ti powder in two
size fractions (45–75 lm and 75–106 lm) are dis-
played in Fig. 3c and d. Virgin Arcam particles are
spherical in shape and have a rather smooth and
shiny surface, which contributes to good flowability
during spreading on the powder bed and thus pro-
duces a homogeneous microstructure. Some tiny
satellite particles are attached to the surfaces of the
powder particles due to the GA process. However,
after having undergone at least 30 cycles of reuse,
the used powder contains particles that show
noticeable deformations or distortions on their sur-
faces (Fig. 3b). A small amount of the used powder
has been partially melted, and necks between
adjacent particles are formed with metallurgical
bonds (Fig. 3b). This is normal but not favored by
AM. Moreover, the unbonded satellite particles from
the GA process were broken away and mixed into
the powders during the blasting process in the
powder recovery system.
The as-received novel Ti powder particles are
irregular in these size ranges, which are expected to
lead to poor flowability on a powder bed and con-
sequently can leave large voids and gaps in built
parts. After PMT processing, the morphology of the
particles was significantly modified. Figure 4 shows
SEM images of PMT-processed Ti powders in an
array according to particle sizes. Most of the coarse
particles (Fig. 4a–c) show a near-spherical shape.
As the particle size decreases, however, the degree
of sphericity gets worse and particles below 45 lm
become essentially flake like (Fig. 4f). These SEM
images provide a visual observation of the particle
shape, while roundness measurement can provide
statistical information regarding the characteristics
of the powder shape. Figure 5 presents the round-
ness results measured according to Eq. 1. The FF
values of the 45–75 lm and 75–106 lm size ranges
of virgin Arcam powders are 0.97 and 0.98, respec-
tively, indicating a highly spherical shape. Although
the shape of some used particles was deteriorated as
shown in Fig. 3b, the average FF values of the used
Arcam powder still stay as high as 0.95 and 0.93 for
45–75 lm and 75–106 lm powders, respectively,
and the standard deviations are negligible. For
PMT-processed powder, the FF value of 150–250 lm
particles is 0.8. As the particle size decreases, the
FF values remain relatively high, around 0.51 and
0.66 for particles in the size ranges of 45–75 lm and
75–106 lm, respectively. In contrast, for the as-re-
ceived novel Ti precursor, the FF values of the
particles in the corresponding size ranges are 0.45
and 0.48, respectively, with large standard devia-
tions, indicating that the shape between individual
particles varies considerably. Figure 6 shows typi-
cal surface features of the precursor and PMT-pro-
cessed Ti powders. A rough and porous exterior is
shown in Fig. 6a for the precursor powder, which
results from the chemical reaction of the novel
production process. Such particles can lead to much
higher surface friction and poor flowability when
deposited on a powder bed. By comparison, the
Fig. 2. Particle size distribution of novel Ti powder precursor before
and after 30 min PMT processing.
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PMT-processed powder shows a relatively smooth
and dense surface (Fig. 6b). The formation of this
surface can be attributed to the strong particle–
particle collisions and particle–shaft collisions dur-
ing PMT processing. It should be noted that the
interior structure of particles is not affected by PMT
Fig. 3. SEM images of (a) virgin and (b) used Arcam Ti-6Al-4V 45–106 lm powder and (c) 75–106 lm and (d) 45–75 lm as-received novel Ti
precursor.
Fig. 4. Morphologies of novel Ti powder after 30 min PMT processing with different particle sizes: (a) > 250 lm, (b) 150–250 lm, (c) 106–
150 lm, (d) 75–106 lm, (e) 45–75 lm, and (f) 25–45 lm.
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as much as the surface. Figure 6c shows a cross
section of a PMT-processed particle that has a dense
surface shell but retains a porous interior structure.
This internal porosity can be problematic for AM as
it may retain this microporosity in the final product.
In summary, although the sphericity and surface
structure of the resulting powder are not as perfect
as the Arcam powder (Fig. 3a), the PMT does
effectively break large as-received Ti precursor into
smaller particles and markedly improves their
morphology especially in the size range of 75–
106 lm. The PMT-processed Ti powder will be
evaluated below.
Flowability and Performance on Powder Bed
A single, reliable, and widely applicable flowabil-
ity test does not exist because of the wide variety of
both granular materials and the influence of han-
dling on the measurement results.31 In this study,
the flowability of the particles was characterized
using a Hall Funnel and the static AOR, together
with apparent and tap densities. The results are
listed in Table I. Both virgin and used Arcam pow-
ders have much better flowability than the PMT-
processed Ti particles. The used Arcam powder
presents similar flowability in the Hall Funnel test
with virgin powder but it shows a slightly higher
static AOR. This means that flowability has deteri-
orated after being used for more than 30 times. This
is because the used powder contains a small amount
of half-molten and distorted particles (Fig. 3b)
resulting from the EBM process. In this study,
approximately 0.3 wt.% of the used particles are
larger than 100 lm (it should be noted that the
quantity of these irregular particles is related to the
specific geometry of the parts being produced). After
these oversized particles were removed via the
sieving process, some distorted particles within 45–
106 lm were still left in the powder lot (Fig. 3b).
The increased geometric complexity of particles
interferes with particle movement and consequently
this will lead to an increase in the static AOR. The
apparent densities of the virgin and used Arcam
powders are similar, whereas the tap density of the
used powder is marginally higher than that of the
virgin powder because of the void filling by loose
Fig. 6. SEM images showing surface features of novel Ti powder (a)
before and (b) after 30 min PMT processing and (c) optical micro-
graph of the cross-section of a PMT-processed powder particle.
Fig. 5. Roundness comparison among novel Ti powder precursor,
30 min PMT-processed novel Ti powders, and virgin and used
Arcam Ti-6Al-4V powders.
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tiny particles (Fig. 3b), which were originally pres-
ent as satellite particles (Fig. 3a).
As the morphology suggested, the PMT-processed
Ti powder is not expected to behave as well as virgin
Arcam powder, but its performance is acceptable
according to Table I. The PMT-processed Ti powder
takes only about 2 s longer than the virgin Arcam
powder to go through the Hall Funnel and has a
static AOR similar to that of the used Arcam pow-
der. Although there is a theoretical density differ-
ence between Ti-6Al-4V powder and Ti powder, the
influence is expected to be negligible. Due to the
decreased roundness, the particles in the range of
45–75 lm behaved slightly worse than those in the
range of 75–106 lm in both the Hall Funnel and
static AOR tests. Besides, finer particles result in a
larger specific surface and, hence, a higher inter-
particle friction and an increased tendency to absorb
moisture from humidity, which also lead to worse
flowability. When the particles in these two ranges
were mixed together at the volume ratio of 4 to 3,
the flowability was slightly deteriorated compared
with the 75–106 lm particles. It is likely that small
particles can easily wedge themselves into the pores
and crevices of coarser particles, thereby affecting
the ability of particles to flow relative to one an-
other. The powder layers in the Arcam EBM system
are formed by a raking mechanism; therefore, the
apparent density plays an important role in the
densification of components. The apparent density
of virgin Arcam Ti-6Al-4V powder is about 59.4% of
the real density (4.43 g/cm3), whereas it is only
40.4% for the PMT-processed Ti powder (compared
with the real density of Ti at 4.51 g/cm3). This sig-
nificant difference is due to the imperfect shape and
porous interior structure of particles.
Neither the flowability as tested by the Hall
Funnel nor the static AOR can provide a compelling
evaluation as to whether a powder is suitable for
AM. The most immediate method to test the per-
formance of powder is applying the powder onto a
powder bed fusion process. Therefore, the UPB was
developed by CSIRO to observe the powder behavior
during the raking of the powder bed. On the UPB, a
powder spreading system is formed by four rakes
with 0.9-mm-wide teeth and 0.1-mm-wide gaps,
which interstitially overlap with each other. The
powder stocked in two stainless steel hoppers is
gravity fed and the rake fetches the powder. The
powder is then raked across the base plate. During
particle movement, surface particles will rearrange
to a minimum of potential energy under the uniform
drive given by the motion of the rake. The kinetic
energy of the spreading particles is mostly used to
overcome local friction resistances among particles,
achieving the minimum energy configuration. Fig-
ure 7 shows the surface topographies of five tested
powders on the UPB and the corresponding 3D
reconstruction profiles of selected areas. With the
standard raking speed of 14 mm/min, the most
homogeneous spreading surface profile was
obtained by virgin Arcam powder (Fig. 7a1–a3).
For the used Arcam powder, its surface profile
(Fig. 7b1–b3) was largely the same as that of the
virgin powder. However, there were some faint
rolling tracks distinguishable on the surface (indi-
cated by the broken lines in Fig. 7b1). This is most
likely because the small amount of distorted parti-
cles remaining in the powder pile prevented the
uniform motion of powder during spreading. The
difference can also be seen from comparing Fig. 7b3
with Fig. 7a3, in which the blue and red areas
represent the lowest and highest surface areas,
respectively. However, for the PMT-processed Ti
powder, an obvious macro-undulating morphology
was observed for both the 45–106 lm (Fig. 7c1–7c3)
and 45–75 lm (Fig. 7e1–e3) fractions, whereas a
relatively smooth macro surface was obtained for
the 75–106 lm fraction (Fig. 7d1–d3). In addition,
from the 3D profiles, powder from 75–106 lm led to
the most uniform surface topography after raking
(Fig. 7d3), which is very similar to the used Arcam
powder (Fig. 7b3). Although the mixed PMT-pro-
cessed powder (45–106 lm) has a similar particle
size distribution to the virgin Arcam powder, its
performance on the powder bed was unexpected.
About 57.1 vol.% of the fine particles were found in
bottom areas (blue) and large particles appeared as
sharp peaks (red) (Fig. 7c3), which may create
excessive shear forces and then disturb the sub-
sequent layer formation. Therefore, PMT-processed
Ti powder with the size range of 75–106 lm appears
to be most promising for AM when benchmarked
with Arcam powder on a powder bed. The best
method to test the feasibility of the powder is to
build a real component by AM. A sufficient amount
Table I. Flowablity, angle of repose, apparent density, and tap density measured for all the powders
considered
Powder
Flowabiltiy
(s/20 cm3)
Angle of
repose ()
Apparent density
(g/cm3)
Tap density
(g/cm3)
Virgin Arcam Ti-6Al-4V (45–106 lm) 21.3 ± 0.1 32.0 ± 0.2 2.65 ± 0.01 2.87 ± 0.01
Used Arcam Ti-6Al-4V (45–106 lm) 21.4 ± 0.4 35.4 ± 0.9 2.66 ± 0.01 2.94 ± 0.01
PMT-processed Ti 45–106 lm 23.5 ± 0.5 36.0 ± 0.7 1.82 ± 0.01 2.20 ± 0.01
PMT-processed Ti 75–106 lm 23.2 ± 0.5 35.6 ± 0.7 1.72 ± 0.01 2.13 ± 0.01
PMT-processed Ti 45–75 lm 23.8 ± 0.5 36.3 ± 1.2 1.72 ± 0.01 2.04 ± 0.01
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of the PMT-processed novel Ti powder has been
produced, which will be tested in the Arcam A1
system once the processing parameters are identi-
fied. However, in the case of an insufficient volume
of powder feedstock or uncertainty about the pow-
der behavior, testing the powder in the UPB and
comparing it with benchmark powder could be a
rapid and efficient method to screen different pow-
ders.
CONCLUSION
A novel Ti powder precursor has been manipu-
lated using a CSRIO proprietary technique named
PMT to produce a lower cost, nearly spherical Ti
powder for AM applications from feedstock that
otherwise cannot be used for the AM processes due
to its larger particle size and unsuitable morphol-
ogy. The PMT processing of the selected novel Ti
Fig. 7. Macro surface profiles of different powders raked in the UPB system: Arcam Ti-6Al-4V (a) virgin and (b) used powders, PMT-processed
novel Ti powder (c) 45–106 lm, (d) 75–106 lm, and (e) 45–75 lm. The second column micrographs are enlarged topographies corresponding to
each selected area (the small box) in the first column. The third column 3D profiles are converted from the second column micrographs using
MATLAB. The arrows in first column show the raking direction. The three short broken lines in b1 highlight three faint rolling tracks, which are no
longer visible when inspected at a high magnification (b2). The blue color and red color in the third column pictures represent the lowest and
highest positions on each surface profile analyzed (Color figure online).
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powder precursor produced more than 50 wt.% 45–
106 lm sized powder (usable for AM by EBM) and
about 30 wt.% less than 45 lm sized powder
(usable for AM by cold spray processes). It was
identified from this study that the PMT processing
of Ti sponge has the potential to produce Ti powder
materials suitable for AM processes as the process
is not only a cost-effective and safe size reduction
method but can also effectively change particle
morphology from irregular to near spherical. PMT-
processed Ti powder with a size range of 75–
106 lm behaved similarly in an Arcam Ti-6Al-4V
powder bed compared to used Arcam Ti-6Al-4V
powder. It was also identified that the UPB system
can offer a quick and efficient assessment of the
performance of powders prior to actual application
in AM.
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1. Introduction 
Additive manufacturing (AM), as opposed to conventional subtractive manufacturing, 
has been recognized globally as a revolutionary group of near-net-shape fabrication 
technologies. This technology offers many design and manufacturing advantages 
including short lead time, high material use efficiency, and ability to build complex and 
internal features and structures. Selective electron beam melting (SEBM) is an 
established powder-bed AM technique for direct digital design and manufacture of 
metal products, where over 250 SEBM systems have been installed worldwide. Owing 
to the unique advantages of this process, such as its high energy efficiency, vacuum 
environment, rapid scan speed, and capabilities of dealing with coarse powder, SEBM 
is especially suitable for manufacturing titanium (Ti) components for aerospace and 
medical applications, which require small quantities of functional prototypes and 
structural components in complicated geometries [1-3]. Ti components fabricated by 
SEBM have proven to be comparable to wrought counterparts and much superior to as-
cast counterparts in terms of tensile mechanical properties [4-6]. The properties of 
SEBM-fabricated parts are strongly affected by feedstock powder and process 
parameters. Firstly, the particle size distribution, morphology and purity of powders 
strongly affect the flowability and powder bed formation, and hence the development 
of melt pools and microscopic homogeneity [7-9]. Current qualified spherical Ti 
powder used in the SEBM powder-bed process for commercial production is mainly 
provided by the SEBM equipment vendor, i.e. Arcam AB. This powder is expensive (~ 
AU$300/kg) due to the high costs of the advanced plasma atomization (APATM) process 
used to make it. A more affordable alternative Ti powder supply would be beneficial to 
the additive manufacturing industry. Secondly, the SEBM process parameters, e.g. 
102
beam current, focus offset, line offset, speed factor and layer thickness etc., have 
significant effects on density, surface appearance, microstructure and thus mechanical 
properties. The parameters recommended by Arcam were developed specifically for the 
use of the Arcam powder [10-13]. It is reasonable to expect that certain process 
parameters need to be adjusted for component quality control if an alternative powder 
is applied in SEBM. 
In our previous study [14], a low cost, nearly spherical, unalloyed Ti powder has been 
successfully produced from a novel Ti precursor using the CSIRO powder manipulation 
technology (PMT)[14]. The PMT-processed Ti powder with a size range of 75–106 μm 
behaved similarly versus recycled Arcam Ti-6Al-4V powder when assessed by both 
standard flowability tests and a universal powder bed evaluation system. In this research, 
PMT-processed Ti powder was used in a real SEBM system, SEBM processing 
parameters, e.g. focus offset, melt strategy and speed factor, were adjusted to evaluate 
their effect on the surface condition and microstructure. In addition, the microstructures 
before and after hot isostatic pressing (HIP) were characterized. The purpose was to 
evaluate the genuine potential of the PMT-processed low-cost Ti powder for AM by 
SEBM. 
2. The Default Arcam SEBM Process 
The default build theme in an Arcam SEBM system is mainly designed for Arcam-
supplied Ti and Ti-6Al-4V powders. Developing a new build theme is needed when a 
new powder is applied. Energy density is a parameter usually used to compare the effect 
of different parameters in selective laser melting (SLM) systems. It defines the local 
heat input per unit volume with respect to the power, beam speed, line offset and layer 
thickness. The equation is given as follow [15]:  
𝐸 =
𝑃
𝑣 ∙ ℎ ∙ 𝑡
                                                             (3.1) 
where: P, v, h and t are the beam power (W), beam scanning speed (mm·s−1), line offset 
(mm) (spacing between adjacent melt tracks) and layer thickness (mm), respectively. 
For the SEBM process, energy density can be expressed similarly as equation 3.1. It 
should be noted that in the Arcam system, a constant voltage (60 kV) is maintained 
during the build process so that the power (P = current × voltage) is proportional to the 
beam current (I) only. In the Arcam system build theme, the beam current and beam 
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speed are not kept constant, as they are dynamically controlled by a manufacturer-
specific “speed function”, which correlates the beam current and scanning speed in 
order to keep a constant melt pool depth. Specific values of the beam current and 
scanning speed cannot be read directly from the speed function because they are 
constantly varied throughout the build. Beam current and scanning speed are controlled 
by a speed factor (SF). The higher the value of the SF, the faster the scan speed. Line 
offset and focus offset are two other influential processing parameters for the SEBM 
process. Focus offset is the current value used by the focusing coils to focus the beam; 
a positive value means that the beam is focused above the deposition surface while a 
negative value means that the beam is over focused beneath the deposition surface. A 
lower focus offset was found to form a narrower but deeper melt pool [16]. 
Additionally, melt strategies used in SEBM can have a significant influence on the 
porosity, microstructure and thus mechanical properties [17]. A difference from the 
SLM process is that the SEBM starts with preheating of the base plate to relatively high 
temperatures (e.g. 730oC for Ti-6Al-4V alloy), and each layer of powder is preheated 
before being selectively melt. A thermocouple below the base plate monitors the 
temperature of chamber, which is kept above approximately 500oC throughout the build. 
SEBM typically uses two main melt strategies in each layer. These are termed 
contouring and hatching, and are used to first melt the outline of each 2D section and 
then “fill in” the outline by rastering the beam within the section boundary. The 
hatching directions are rotated by 90° between each successive layer. A setting named 
MultiBeam is used during contour melting, 50 melt pools are present at one time during 
the outer contour and 10 during the inner contours. Contours are normally melted with 
a relatively lower beam speed and a lower beam current than those used for hatching. 
The most common melt strategy is shown in Fig. 1a. Additional melt strategies have 
been used experimentally and they are shown in Fig. 1b and c.  
The default SEBM parameters used for Arcam Ti and Ti-6Al-4V powders are shown 
in Table 1. Based on the default Arcam build theme, this study adjusted the primary 
experimental parameters, e.g. focus offset, SF and melt strategy, to investigate the 
performance of the novel PMT-processed unalloyed Ti powder in an Arcam A1 SEBM 
machine. 
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 Fig. 1 Schematics of three common melt strategies employed in an Arcam SEBM 
system: (a) default setting, two initial contour passes (outer and inner) melt the outline 
of the 2D section followed by rastered hatching to fill in the outlined section; (b) five 
contour passes, giving a smaller hatched region; (c) contour only, the number of 
contours is increased and each subsequent contour moved inwards until the entire 
cross-section is melted. 
Table 1 Default SEBM parameters used for Arcam Ti and Ti-6Al-4V powders in the 
Arcam A1 system. 
Parameters Values 
Software version 3.2.121 
Acceleration voltage (kV) 60 
Beam current (mA) 1–10 
Beam spot size (μm) 200 
Scanning line offset (mm) 0.1 
Speed factor 98 
Focus offset (mA) 5 
Layer thickness (μm) 50 
Preheating temperature (oC) 730 
Vacuum (mbar) 2.0 ×10-3 
 
3. Experimental Method – SEBM Designed for the PMT-Process Powder 
As characterized previously [14], the novel unalloyed Ti powder after PMT processing 
has a dense surface shell but retains a porous interior structure. To increase the density 
105
of built parts, five different melt strategies were used: single-default melt (Fig. 1a), 
double-default melts, triple-default melts, five contour passes (Fig. 1b) and contour 
only (Fig. 1c). For double-default and triple-default melts, the melting process of 
contour plus hatching was repeated twice and three times, respectively, in each 2D 
section. The parameters were the same as the duplicated melts. Thus the building time 
was increased for each layer. The speed factor was considered in order to achieve high 
density and faster building time. Therefore, three speed factors were applied to different 
melt strategies. Three groups of samples were separately built and investigated, as listed 
in Table 2.  
Table 2 Sample dimensions and modifications to the default Arcam melt processes 
that are used to make the samples. The default Arcam setting is shown in Table 1. 
Group and dimension Sample ID Modification made 
Group 1 
(30×40×8 mm3 ) 
F1 Focus offset -5 mA 
F2 Focus offset 0 mA 
F3 Focus offset 5 mA (default) 
F4 Focus offset 10 mA 
F5 Focus offset 15 mA 
Group 2 
(40×40×8 mm3) 
M1 Single melt (default) 
M2 Double melts 
M3 Triple melts 
M4 Five contour passes 
M5 Contour only 
Group 3 
(40×40×8 mm3) 
SS1 Speed factor 75, single melt 
SS2 (M1) Speed factor 98, single melt 
SD1 Speed factor 75, double melt 
SD2 (M2) Speed factor 98, double melt 
SD3 Speed factor 120, double melt 
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The particle size distribution of the PMT-processed Ti powder was determined by a 
laser diffraction technique (Malvern Mstersizer S, Malvern Instruments, Worcs., UK), 
and the result is plotted in Fig. 2. The powder has a size range between 51 μm (D10) and 
120 μm (D90) with a mean volume diameter of 78 μm (D50). The oxygen, nitrogen and 
hydrogen contents in the PMT-processed Ti powder were 1.16 wt.%, 1.07 wt.% and 
0.02 wt.%, respectively, which were determined using a LECO TCH600 (S) analyser. 
The composition of the as-built Sample M2 was also measured by a LECO TCH600 (S) 
analyser. The equilibrium phase diagram was calculated using the Pandat version 8.0 
 
Fig. 2 Particle size distribution and powder morphology (see the inset) of PMT-
processed Ti powder used in Arcam A1 in this study. 
Density of built samples was determined by Archimedes method. All samples were cut 
along the build direction, mounted and polished for metallographic observation. To 
reveal the microstructure, polished samples were etched with Kroll's Reagent (100 ml 
H2O, 6 ml HNO3 and 3 ml HF). An extra double-melt sample M2 was built and 
subjected to hot isostatic pressing (HIP, in argon atmosphere, first at 850oC for 4 h and 
then at 930oC for 4 h under 150 MPa) for comparing with as-built state. Its density was 
used as the theoretical density. 
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4. Results and Discussion 
4.1 Top Surface Morphology 
Fig. 3 shows that the appearances of the top surfaces were noticeably affected by focus 
offset. Both Samples F3 (focus offset 5 mA) and F4 (focus offset 10 mA) exhibited a 
flat top surface with discernible hatching lines. As the focus offset increased to 15 mA 
(Sample F5) or decreased to 0 mA (Sample F2), the hatching line feature is barely 
visible. Some small pores were observed in the central area. When the focus offset value 
was further decreased to -5 mA, Sample F1 showed much rougher patterns with a large 
number of visible pores. SEM observations of the central area of Sample F1 showed 
blurry scan line features and deep channel structures (Fig. 4a). A longitudinal section 
of the Sample F1 shows that those channels extended through the thickness of sample 
(Fig. 4b). A detailed observation of the edge area (Fig. 4c) revealed many tiny holes on 
the surface (Fig. 4d) and a residual particle with exposed porous interior stuck in a 
channel (Fig. 4e). A small focus offset value generally leads to a concentrated electron 
beam spot and thus a narrower and deeper melt pool [17, 18]. As shown in Fig. 5, the 
melt pool forms preferentially at the bottom of the powder layer when the electron beam 
uses a lower focus offset value. An uneven top morphology results in a non-uniform 
distribution of successive powder layers. Moreover, the porous interior structure of the 
PMT-processed Ti powder can lead to a significant shrinkage and collapse of upper 
materials when melting happens only at the bottom, which further deteriorates the 
surface smoothness. This rough initial feature generated a complex top pattern after a 
hundred more layers were added, see Sample F1 in Fig. 3. By increasing the focus offset 
value to 5 mA or 10 mA, the surface condition improved noticeably, as shown in Fig. 
3. Continued upward movement of beam focus decreased the input energy and failed to 
melt the powder completely. Although the electron beam can still effectively flatten the 
top surface of each layer, some small voids may remain in the built material due to the 
uncoverage of the hot affected zone and limited wettability of molten material, as shown 
in Fig. 4.  
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 Fig. 3 Top surface morphologies of SEBM-fabricated PMT Ti samples using different 
focus offsets. 
 
Fig. 4 (a) SEM morphology of the central area of Sample F1 (top surface); (b) 
longitudinal section of Sample F1 shows connected channels throughout the thickness 
of sample; (c) contour area of Sample F1; (d) and (e) are enlarged views of boxed 
areas in (c). 
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 Fig. 5 Schematic illustration of melting area with respect to focus offset. The red area 
indicates the heat affected zone of each melting scan. 
 
Fig. 6 shows the top surface morphologies of the SEBM-fabricated PMT unalloyed Ti 
samples using different melt strategies. The macro surface condition improved clearly 
with increasing melting times from one to three. Detailed SEM images in Figs. 7(a-c) 
show that some fish-scale patterns with tiny pores formed on the single melt sample. 
Also the hatch patterns became much clearer and straighter lines as the number of 
melting steps increased. The entrapped gas pores and irregular bulges inherited from 
previous melt can be effectively evacuated and flattened during the remelting process, 
thus the top surface became smoother and depressed (see the triple melt Sample M3 in 
Fig. 3.2.5c), and a denser structure was achieved. When the number of contour passes 
was increased from 2 to 5 (Sample M4), the hatching area was clearly sunk and had a 
swelling feature on the surface (Fig. 6d and Fig. 7d). Swelling is the rise of solid 
material above the plane of the powder layer. If the local area is over-heated, a 
combination of melt pool size and surface tension may lead to a raised shape. Contours 
are normally melted using a relatively low beam speed. The three more contour passes 
increased the chance of charging nearby powder, resulting in more particles spread off 
the building platform. Therefore, the deficiency of powder in the hatching area, together 
with a higher energy density in hatch melting, led to partially remelting of the previous 
layer and thus induced a swelling and concave topography. For the sample that was 
built using contour melting only (Sample M5), the top surface was flat (Fig. 6e) and a 
large number of small melt pools are clearly seen, referred to as MultiBeam setting (Fig. 
7e), which is generally used only on contour but is effective here in getting a smooth 
surface. 
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 Fig. 6 Top surface observations of SEBM-fabricated PMT unalloyed Ti samples using 
different melt strategies. 
 
Fig. 7 SEM images of surface morphologies using different melt strategies: (a) single 
melt (default); (b) double melts; (c) triple melts; (d) 5 contour passes and (e) contour 
only.  
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Fig. 8 shows the surface features of five as-built samples using different speed factors 
(SF) and melt strategies. For the Sample SS2 which used the default SEBM setting (SF 
98, single melt), the surface was flat with some visible pores. With decreasing SF value 
to 75, Sample SS1 showed a swelling and depressed surface morphology, which was 
similar to that of Sample M4 shown in Fig. 6d. SF controls the electron beam speed and 
the beam current in each part of the build. A higher SF value indicates a faster scan 
speed and thus a shorter and narrower melt pool, possibly leading to insufficient 
melting/bonding and consequently rougher surfaces with more porous features [10]. In 
other words, a higher energy density can be obtained at a lower SF value. The swelling 
feature on Sample SS1 was due to local over melting resulted from a higher energy 
density and complex distribution of the porous powders. However, the swelling feature 
was absent on Sample SD1 (SF 75, double melts) which showed a clear raster-pattern 
with small line features and was much smoother than Sample SD2 (SF 98, double melts). 
It is because the second melt effectively evacuated the residual pores and rearranged 
the distribution of the molten material with a higher energy density. Even when a double 
melt strategy was applied, a faster scan speed using SF 120 cannot provide enough 
energy to flatten the molten material. Therefore, the swelling feature remained at the 
surface, as seen in Sample SD3 in Fig. 3.2.6.  
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 Fig. 8 Top surface observations of SEBM-fabricated PMT unalloyed Ti samples using 
different speed factors and melt strategies: (a) SS1; (b) SS2 (M1); (c) SD1; (d) SD2 
(M2); (e) SD3. 
4.2 Relative Density 
One double-melt sample was subjected to HIP and its density, 4.512 g/cm3, was used 
as the theoretical density of PMT unalloyed Ti. The relative densities of as-built PMT 
unalloyed Ti samples are summarized in Tables 3 - 5, and the optical micrographs of 
some selected samples are displayed in Fig. 7. Table 3 shows that the use of default 
focus offset 5 mA produced the densest structure (relative density of 96.3%) among all 
different focus offset settings, but it is still much lower than that of the sample made 
using Arcam-supplied powder (99% [19]). The microstructure in Fig. 9a confirms that 
a large amount of irregular defects were trapped in Sample M1. The intrinsic interior 
porous structure of PMT unalloyed Ti particles determines that it is unlikely to behave 
as well as the solid Arcam-supplied powder under default SEBM setting. When 
applying other melting strategies rather than the default single melt, the density can be 
effectively improved, as seen in Table 4. The double melt process (M2) can easily reach 
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a relative density of 98.5%, and the triple melt sample (M3) achieved a relative density 
as high as 98.8%, consistent with the nearly pore-free microstructures shown in Fig. 9b 
and c, respectively. Sample M4 had a higher density of 98.3% than the default sample 
M1 due to over melting (discussed before). Sample M5 which used contour melting 
only had a low relative density of 97.4%, as confirmed by the large and irregular defects 
remained in the build (Fig. 9d). Table 5 shows that the speed function SF also has a 
strong effect on the density of the builds. Decreasing the SF from 98 to 75 under single 
melt can increase the relative density by 1.7%, as visually compared between Figs. 9a 
and e. Although Sample SD1 displayed a top surface as smooth as Samples M3, the 
density was slightly lower (98.6% vs. 98.8%, Figs. 9f vs. c). Double melts cannot 
compensate for the deficiency of energy density when the SF was increased to 120. 
Consequently, the density of the sample SD3 decreased to 96.8%, and large and 
irregular defects were observed in the microstructure (Fig. 9g). 
Although PMT unalloyed Ti powder has very similar flowability and spreading 
performance on the powder bed to the benchmark Arcam powder [14], the actual 
density and surface morphology of the PMT unalloyed Ti builds under default SEBM 
setting were much less comparable to those of the builds made using Arcam powder. 
Increasing melting times and/or decreasing SF can effectively contribute to a denser 
structure. However, the swelling feature resulting from over melting deteriorates the 
surface condition and the volume shrinkage influences dimensional precision. To 
address these issues, a feasible method is to blend the PMT powder with a fraction of 
spherical and dense powder (e.g. Arcam powder). Medina reported that a blend of 25% 
angular hydride-dehydride (HDH) powder and 75% HDH powder spherodized by 
Tekna plasma process allowed the building of fully dense Ti-6Al-4V components with 
only one single melt and a HIP cycle [20]. This provides a potential option for using 
the PMT-processed Ti powder.  
Table 3 Relative densities of SEBM-fabricated PMT unalloyed Ti samples using 
different focus offsets. 
Sample ID F1 F2 F3 F4 F5 
Focus offset -5 0 5 10 15 
Relative density (%) 88.5 94.7 96.3 95.9 94.6 
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Table 4 Relative densities of SEBM-fabricated PMT unalloyed Ti samples using 
different melt strategies. 
Sample ID M1 M2 M3 M4 M5 
Melts single double triple 
5 contour 
passes 
contour 
only 
Relative density (%) 96.3 98.5 98.8 98.3 97.4 
 
Table 5 Relative densities of SEBM-fabricated PMT unalloyed Ti samples using 
different speed factors and melt strategies. 
Sample ID SS1 SS2 (M1) SD1 SD2 (M2) SD3 
Speed factor 75 98 75 98 120 
Melts single single double double double 
Relative density (%) 98.0 96.3 98.6 98.5 96.8 
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 Fig. 9 Optical observations of different SEBM-fabricated PMT unalloyed Ti samples 
along the build direction. All samples were cut from the edge of as-built blocks.  
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4.3 Microstructure 
Table 6 lists the O, N and H contents in the feedstock PMT Ti unalloyed powder and 
Sample M2 before and after HIP. Dramatic decreases in N (1.07 wt.% → 0.02 wt.%) 
and H (0.02 wt.% → < 0.002 wt.%) were identified after SEBM. This purification effect 
should be attributed to the decomposition of TiN and TiH2 and evaporation under high 
temperature in a high vacuum environment [21, 22]. Similar result was reported by Park 
el al. [23] that the refining effect of SEBM process could improve the purity of CP Ti 
from powder of Grade 2 to final products of Grade 1.  
Table 6 Contents of O, N and H in the feedstock PMT Ti unalloyed powder and 
Sample M2 before and after HIP. 
Sample 
O 
(wt.%) 
N 
(wt.%) 
H 
(wt.%) 
Feedstock powder 1.16 1.07 0.02 
M2 1.00 0.02 < 0.002 
M2 after HIP 1.00 0.02 0.004 
 
The microstructures of double melt samples before and after HIP are displayed in Fig. 
10. Columnar grains are shown in the as-built sample with an average grain width of 
50 μm (Figs. 10 a and a՛). HIP (first at 850oC for 4 h and then at 930oC for 4 h under 
150 MPa) fully densified the sample and caused the columnar to equiaxed transition 
(CET). The near equiaxed α grains had an average grain size of 380 µm (see Fig.10 b 
and bʹ), which was 7 times coarser than before. CET in AM Ti-6Al-4V was observed 
only when being heat treated above the β transus temperature (around 980 oC) through 
a proposed shear mechanism [24, 25]. The HIP temperature 930 oC in this current work 
was far below the β transus temperature calculated to be 1061 oC (see Fig.11) using 
PandatTM due to the high O and N contents. The occurrence of CET should be attributed 
to the α grain spheroidization during long-term heat treatment at high temperature by 
reducing the grain boundary energy. To avoid the excessive growth of grains, 
optimization of HIP parameters is needed for AM parts using the PMT-processed 
unalloyed Ti powder. 
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 Fig. 10 Microstructures of double-melt PMT Ti samples before (a, a՛) and after HIP 
(b, b՛). (a՛) and (b՛) are enlarged views of areas marked out in (a) and (b), respectively. 
The arrows in (a) and (b) indicate the build direction.   
 
Fig. 11 Ti-O binary phase diagram calculated using PandatTM. Contents of N and H 
were also taken into account.  
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5. Conclusions 
The PMT-processed unalloyed Ti powder was used for AM by an Arcam A1 SEBM 
system. Three SEBM parameters, focus offset, melting strategy and speed factor, were 
manipulated to investigate their effects on the surface morphology, density and 
microstructure. The major conclusions are summarized below:  
 The use of the PMT-processed unalloyed Ti powder under default SEBM setting 
conditions produced much lower density and worse surface finish. However, 
increasing melting times or decreasing the speed factor can effectively contribute 
to achieving a denser structure. The swelling feature resulted from over-melting 
deteriorates the surface finish while the shrinkage of volume influences 
dimensional precision. Double default melting (Sample M2) produced the best 
overall as-built quality.  
 The as-built PMT unalloyed Ti build shows a columnar-like microstructure with 
an average grain width of 50 μm. HIP (first at 850oC for 4 h and then at 930oC for 
4 h under 150 MPa) can change the columnar prior-β grains in the as-built sample 
into equiaxial α grain structures. However, the grains grew to an average size of 
380 μm, which was 7 times coarser than the as-built state. A further study is needed 
to optimize the HIP parameters for the AM parts using the PMT-processed 
unalloyed Ti powder. 
 A purification effect was observed in the SEBM process, where the contents of O, 
N and H were much lower in the SEBM-fabricated sample than in the feedstock 
PMT Ti powder.  
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1. Introduction 
Selective electron beam melting (SEBM) is an established powder-bed fusion metal 
additive manufacturing (AM) process, which is particularly suited to the manufacture 
of titanium and titanium alloys due to its high vacuum environment. In addition, SEBM 
offers much higher AM efficiency (80 cm3 h-1) and greater flexibility of dealing with 
coarse powder (up to 180 µm; usually 40-90 µm) than selective laser melting (SLM) 
(typically 20-40 cm3 h-1 with smaller than 50 µm powder). Another important advantage 
of the SEBM process arises from the use of high substrate preheating temperatures (e.g. 
730 ºC). As a result, SEBM-fabricated Ti-6Al-4V does not normally require post-AM 
heat treatments [1] while still possessing high tensile elongation (e.g. ≥15%) [2]. Many 
Ti-6Al-4V parts have been fabricated by SEBM today and a variety of them has found 
niche applications, particularly in the medical and defence sectors. However, from a 
research perspective, current understanding of the microstructure and mechanical 
properties of SEBM-fabricated Ti-6Al-4V is derived predominantly from thin section 
samples. A detailed literature review has found no information about the microstructure 
and mechanical properties of thick section (>25.4 mm thick) SEBM-fabricated Ti-6Al-
4V samples or parts, while thick sections are involved in a range of structural 
applications. This study aims to fill this knowledge gap and provides a detailed 
assessment of the microstructure and tensile mechanical properties of a 34mm thick 
SEBM Ti-6Al-4V block.     
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 2. Experimental 
An Arcam A1 system (Arcam AB, Sweden) was used to build samples with as-received 
spherical Ti-6Al-4V powder (45-106 μm) from Arcam, which had the composition of 
Ti-6.16Al-3.88V-0.14O-0.13Fe-0.01C-0.02N-0.0002H (all compositions are given in 
wt.% throughout this article). Standard Arcam SEBM procedures were followed as 
reported previously [3]. Samples were all built on a stainless steel substrate with a 
preheating temperature of 730 °C. The as-built block sample (Fig. 1a) measured 59 mm 
× 59 mm × 34 mm, corresponding to designed dimensions of 60 mm × 60 mm× 35 mm. 
A total of 27 tensile specimens, each having a gauge length of 15 mm and a cross section 
of 3 mm × 3 mm as per Australian standard 1391-1991, were machined from nine 
different heights of the block sample, categorized into Groups A, B and C (see Fig. 1b). 
The densities of the entire block sample and the tensile samples machined from the 
block sample were determined by Archimedes method. Then tensile testing was 
performed on an Instron tester (Model 5569) at a crosshead speed 0.5 mm min-1 at room 
temperature. A 15mm clip-on extensometer was attached to the gauge section of each 
specimen during tensile testing for strain measurement.  
 
Fig. 1 (a) An as-built Ti-6Al-4V block. (b) Illustration of the 27 tensile samples 
machined from the block. (c) An as-built cylindrical tensile sample (thin section) used 
for comparison of microstructure. 
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 The gauge sections of Samples A1, A3, A6, A9, C1, C3, C6 and C9 (Fig. 1b) were 
ground and polished along the build direction after tensile testing for microstructural 
characterization. The microstructure and fracture surfaces were investigated using a 
field emission scanning electron microscope (FESEM; Zeiss Merlin, Germany), 
assisted with energy dispersive spectroscopy (EDS, Oxford instrument). 
For comparison, cylindrical tensile samples, shown in Fig. 1c, were built under the same 
SEBM conditions and their microstructure and tensile properties were characterised. 
Four 3mm thick slices, denoted as S1.9, S9.5, S32.3 and S108.5 (the subscript refers to the 
build height), were sectioned from the grips of one tensile sample as shown in Fig. 1c 
for detailed microstructural characterisation. They were ground and polished along the 
build direction. The build heights of Samples S1.9, S9.5, S32.3 correspond to those of 
Samples A1/C1, A3/C3 and A9/C9, respectively, while Sample S108.5 represents the top 
slice of the cylindrical sample shown in Fig. 1c. All polished samples were etched with 
the Kroll Reagent (3 ml 48% HF, 6 ml 70% HNO3, 100 ml water). The width of 
columnar β grains and thickness of α laths were measured using a linear intercept 
method. A 2mm thick slice was machined from the middle of the block (see Fig. 1b) 
for defect characterisation. Image Pro Plus 6.0 software (Media Cybernetics, Silver 
Spring, MD) was used to quantify porosity.   
An X-ray diffractometer (Cu Kα; Bruker D8 Advance, operated at 40 kV and 40 mA) 
was used to determine the texture information in selected samples to help understand 
the tensile properties. A step size of 0.02o with a dwell time of 1.6 s per step was used 
for diffraction analyses.    
 
3. Results and Discussion 
3.1 Microstructure  
The microstructures of Groups A and C, which reflect different thermal histories in the 
block sample, are shown in Fig. 2. Samples A1 and C1 displayed the finest 
microstructure, where prior-β columnar grains were less visible but became prominent 
from the build height of A3 or C3, distinguished by the formation of grain boundary 
(GB) α due to slower cooling rate. In addition, orthogonally oriented martensite needles 
were observed only in Samples A1 and C1 (Fig. 2A1 and 2C1), indicative of the fastest 
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 cooling rate after solidification at this height. Owing to the decreasing cooling rate, the 
scale of microstructure increased with increasing build height, which is consistent with 
the observations made with vertically built long Ti-6Al-4V rods by SEBM [4]. 
Apart from Samples A1 and C1, the microstructures observed in other samples are all 
essentially composed of α and  phases in different morphologies, sizes and 
distributions. In particular, special α phases were observed from the build height of 
Samples A3 and C3. Fig. 3 shows several such examples. These include (i) abnormally 
coarse α laths up to 5-6 m thick delineated by  phases (Fig. 3A3), (ii) tortuous and 
coarse GB α phases up to 8.8 thick (Fig. 3C3-1), (iii) partially decomposed bulky α 
phase in prior- columnar grains (Fig. 3C3-2), and (iv) essentially decomposed bulky 
α phase in prior- columnar grains (Fig. 3C7). These observations revealed that the 
microstructure is inhomogeneous throughout the block sample and is no longer a typical 
lamellar α-β microstructure. Referred to as α bulges, coarse α laths delineated by  
phases were also observed by other researchers in SEBM-fabricated Ti-6Al-4V [5]. A 
few GB-associated and non-GB-associated bulky phases were observed in each sample, 
irrespective of the position of the sample in the thick block (Fig. 2 and Fig. 3). Similar 
observations were reported by Lu et al. and they confirmed that the bulky phase is 
massive phase αm that formed through the β → αm massive transformation during the 
SEBM process [6].  
Fig.4a shows an FESEM view of the bulky phase in Fig. 3C3-2. The bulky phase 
displayed an irregular shape, and a cluster of dot-like precipitates was observed. 
Compositional analysis by EDS was conducted at several points within the bulky area, 
the spectrum of point 1 is shown in Fig.4b while the compositions are listed in the inset. 
The average contents of Al (6.1 wt.%) and V (3.8 wt.%) in the bulky area are essentially 
the same as those in the feedstock Ti-6Al-4V powder (6.16 wt.% Al and 3.88 wt.% V), 
respectively. This observation supports the occurrence of massive transformation, 
which is a composition-invariant transformation process [7]. The dot-like phase 
particles are β particles, which formed by decomposition of the massive phase during 
the long-time thermal holding in the high temperature powder bed [6].  
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Fig. 2 Microstructures of samples selected from Groups A and C shown in Fig. 1b.  
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Fig. 3 Special α phases observed in the block sample. (A3) Abnormally coarse α laths 
unrelated to or directly associated with columnar grain boundaries. (C3-1) Coarse and 
tortuous GB α. (C3-2) A partially decomposed bulky α phase in a prior- columnar 
grain. (C7) An essentially decomposed bulky α phase in a prior- columnar grain. 
 
Fig. 4 (a) FESEM view of the single block phase in Fig. 3C3-2; (b) the EDS spectrum 
of point 1 in (a), the table inserted shows the composition result from EDS analysis of 
5 points in (a). 
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 Fig. 5 shows the microstructures of the thin cylindrical samples (Fig. 1c). Fig. 5(a - d) 
show that the width of prior β grains was also in the range of 70 ~ 100 μm. Orthogonally 
oriented martensite plates or needles exhibited throughout the cylindrical sample, 
indicating that the cooling rate of the cylindrical sample during SEBM was much faster 
than that of the thick block. The α-β lamellar structure is finer in S1.9, S9.5 and S32.3 (Fig. 
5 (b΄ - d΄)) than in their counterparts in the block sample (A1/C1, A3/C3 and A9/C9, 
see Fig. 2). In addition, the GB of prior β grains became clear with increasing build 
height and only a few bulky phases (probably massive phases) were observed (Fig. 3a΄ 
and c΄). 
Table 1 summaries the average thickness of α laths extracted from the typical α-β 
lamellar areas of each investigated sample (about 60 α laths were measured in each 
sample). The thickness of α laths in both thick block and thin cylinder increased with 
increasing build height, which is consistent with the microstructural coarsening trend 
from bottom to top observed in vertically built long rods by SEBM [4]. Compared to 
the thick block, however, the α laths in the cylindrical sample were slightly thinner at 
the same build height, even the thickest α laths formed at 108.5 mm were thinner than 
the α laths formed at 32.3 mm in the thick block. In addition, the α laths in the thick 
block tended to coarsen from the side (Group A) to the center (Group C). 
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Fig. 5 Microstructure of the thin cylindrical sample at different build height: (a) 108.5 
mm; (b) 32.3 mm; (c) 9.5 mm and (d) 1.9mm. (a΄) – (d΄) are enlarged view of the 
boxed area in (a) – (d), respectively. 
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 Table 1 Average α-lath thickness of the selected samples. Each value is averaged 
from the measurements of ~ 60 α laths from each microstructure. 
Level/Distance 
from bottom (mm) 
Thickness of α laths (μm) 
Thick block 
Thin cylinder 
Group A Group C 
1/1.9 0.80 ±0.05 0.82 ± 0.10 0.74 ± 0.05 
3/9.5 0.86 ± 0.10 0.97 ± 0.20 0.75 ± 0.12 
6/20.9 0.89 ± 0.08 1.16 ± 0.27 - 
9/32.3 1.05 ± 0.11 1.22 ± 0.25 0.91 ± 0.10 
-/108.5 - - 1.03 ± 0.15 
 
The microstructural evolution after solidification was mainly determined by the local 
cooling rate during SEBM process. There were three pathways for heat dissipation: i) 
heat radiation from the scanned surface; ii) heat conduction through the built part and 
substrate and iii) heat conduction through surrounding partially sintered powder-bed. 
They all contributed to the formation of microstructure. In both the thick block and thin 
cylindrical samples, significant columnar grains along the build direction indicate that 
heat conduction occurred primarily through the built volume and the stainless steel 
substrate, which was preheated to 730oC before spreading powder. Close to the 
substrate, the cooling rate is the fastest in the beginning leading to fine microstructures 
(see Fig. 2A1, C1 and Fig. 5d, d΄). With increasing build height, it is no longer easy for 
the input energy and subsequent latent heat from solidification to completely dissipate 
through the substrate because of the low thermal conductivity of solid Ti-6Al-4V (7 vs. 
237 W m-1 K-1 for Al [8]). Therefore cooling rate decreased with increasing build height, 
resulting in a graded microstructure in both the thick block and thin cylindrical samples. 
Owing to the large build volume, however, it is more difficult for the heat accumulated 
in the central area of the block to dissipate than from near the side surface. Consequently, 
a graded microstructure also formed from the side to the center. The thin cylindrical 
sample has greater advantage of dissipating heat to the surrounding medium, 
contributing to a slightly finer microstructure compared to the thick block, indicating 
that the size of sample does affect the development of the microstructure. Moreover, 
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 the formation of massive phase requires a higher cooling rate than the formation of α-β 
lamellar structure [6]. The randomly distributed massive phases in both the thick block 
and thin cylindrical samples indicate that the local cooling rate is not uniform in the 
samples.  
3.2 Defects  
The relative density of the entire block sample was ~ 99.6% (the theoretical density is 
taken to be 4.43 g/cm3), which was similar to the results reported for other shapes of 
SEBM Ti-6Al-4V samples in literature [4, 9]. Fig. 6a shows the relative density of the 
tensile samples as a function of build height, which varied in the range of 99.4% ~ 
99.8%. No clear dependence on build height was identified. Overall, samples of Group 
A were marginally less denser than samples of both Groups B and C, indicating that 
more defects existed in the edge of the block.  
A 2mm-thick slice sectioned from the center of the thick block was ground and polished 
for characterization of defects (Fig. 1b). An as-polished y-z plane of the sample, which 
measured 59 mm × 34 mm (2006 mm2), was divided into nine equal portions (59 mm 
× 34/9 mm) along the build direction, corresponding to the nine layers of tensile 
samples shown in Fig. 1b. Optical microscopy images were taken of the entire surface 
and defects such as those shown in Fig. 6b (lack-of-fusion defects and pores) were 
qualified using Image Pro Plus 6.0 software. The results are plotted in Fig. 6c and 6d.  
The number of defects reached 1.5-2.0/mm2 with 70% of the pores being greater than 
10 µm (Fig. 6d). It has been shown that when the maximum pore size is less than 10 
m, the influence of porosity at the relative density levels of ≥ 99% on both tensile and 
fatigue properties is negligible for a range of Ti-Al-V alloys [10]. Therefore, most pores 
are potentially detrimental.  
The mechanisms for the formation of pores and lack-of-fusion defects in SEBM Ti-
6Al-4V have been discussed by other researchers [1, 11, 12].  The origins of defects 
include  (i) the internal porosity of the feedstock powder, (ii) melt pool discontinuity 
induced by the melt pool mobility during SEBM, (iii) evaporation of Al (the Al content 
decreases during SEBM [2, 13]), and (iv) shrinkage pores. The density of molten Ti-
6Al-4V is about 4.12 g/cm3 [1]. This leads to shrinkage of nearly 8% during 
solidification. The small melt pool and the high mobility of melt pool do not always 
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 ensure sufficient filling in local areas, leading to the formation of shrinkage pores. 
Tammas-Williams et al. reported that during SEBM process, the argon pores could be 
pushed forward by the solidification front to the hatching region and coalesced into 
irregular shaped pores [12]. This can be a major reason why samples of Group A 
contained more defects than samples of Groups B and C.   
In addition, SEBM offers a much larger depth of penetration than SLM. However, lack-
of-fusion defects are still readily visible in SEBM Ti-6Al-4V samples. This can be 
attributed to the following reasons. (i) The use of much coarser powder than in SLM. 
The standard Ti-6Al-4V powder received from Arcam has a size range of 30 ~ 150 μm 
[2]. With the standard SEBM parameters, it appears that some coarse particles (~ 150 
μm) are incompletely melted. (ii) Lack of complete fusion between layers. During the 
layer-by-layer AM process by SEBM, the surface of the last solidified layer is not 
always flat. Instead, it can have some noticeable concave and convex areas due to the 
high mobility of the melt pool. Consequently, when a new layer of powder is spread on 
top of such deep concave areas, it is possible that not all these concave surface areas 
can be perfectly joined together by melting.  
 
Fig. 6 (a) Relative density as the dependence of build height. (b) Example of defects 
observed in the as-built block. (c) Defect frequency as a function of build height. (d) 
Defect size (maximum length) distribution.  
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 3.3 Tensile Properties  
Table 2 details the 27 sets of tensile property data obtained from samples shown in Fig. 
1b. The stress-strain curves of selected samples and the variations of yield strength (the 
variations of tensile strength are similar), elongation and Young’s modulus vs. build 
height are shown in Fig. 7. Overall the tensile properties obtained satisfy the minimum 
requirements for mill-annealed Ti-6Al-4V, i.e. tensile strength ≥ 860 MPa, yield 
strength ≥ 828 MPa, and elongation ≥ 10% [1]. Specifically, the following observations 
are most notable.  
 The tensile strengths obtained from samples of Group A prepared from the side 
surface of the block (Fig. 1b) were slightly lower than those obtained from samples 
of Groups B and C in general, and showed a large degree of variation along the 
build direction. Samples of Groups B and C showed consistent tensile strengths 
along the build direction, which are only marginally dependent on build height, 
indicating that the effect of nonuniform microstructure (i.e. martensite, α-lath 
thickness, and massive phase) on the tensile properties was limit. For example, 
within a similar defect level (Fig. 6b), Samples C1, C3 and C9 exhibited increasing 
coarser microstructure as shown in in Fig. 2, while their yield strength varied in a 
narrow range from 1003.6 to 1004.7 MPa, and their elongation remained above 
14.5%.  
 Tensile elongation fluctuated in the range 12-18% for each group of samples. In 
addition, the trends are all different. Consequently, the minimum elongation values 
do not occur at the same build height for all three groups of samples and nor do the 
maximum elongation values. 
 Yield strength and tensile elongation did not follow the same trend for each group 
of samples. At different build heights, high yield strength corresponded to low 
elongation while low yield strength corresponded to high elongation. 
 Large variations in modulus were observed, especially for samples of Group A, 
and the trend showed no correspondence to the trends of yield strength and 
elongation.  
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Fig. 7 (a), (b) and (c) show the stress-strain curves of selected samples in Groups A, B 
and C, respectively. (d), (e) and (f) show the yield strength, elongation and Young’s 
modulus as the dependence of build height. 
An analysis of the fracture surface characteristics suggests that the large variations in 
tensile properties can be largely attributed to the existence of defects. The fracture 
surfaces of Samples C1 and A7 are examined and shown in Fig. 8 because C1 has high 
yield strength (1003.6 MPa) and elongation (17.3%) while A7 has the lowest yield 
strength (879.2 MPa) among all 27 samples. Fig. 8a shows that no significant defects 
were observed on the fracture surface of Sample C1. It was typical of ductile fracture 
138
 due to the presence of significant dimples and tear ridges (Fig. 8b) enveloped by a 
continuous shear lip zone (Fig. 8a). In contrast, large defects were observed on the 
fracture surface of Sample A7 (Fig. 8c), whose enlarged views are shown in Fig. 8(d - 
f). Two lack-of-fusion areas with the size of ~ 80 μm and ~ 250 μm, respectively, are 
shown in Fig. 8(d, e). Both were surrounded by residual argon pores. Fig. 8f shows a 
gathering of 6 residual argon pores. These defects not only reduced the effective load-
bearing area but also became sites of stress concentration. They can result in premature 
yielding and therefore lower tensile properties. 
 
Fig. 8 (a) Overall fracture surfaces of C1; (b) dimple feature magnified from (a); (c) 
overall fracture surfaces of A7; (d) and (e) show enlarged views of two widened lack 
of fusion areas in (c); (f) shows a gathering of 6 residual argon pores in (c). 
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 It has been reported that textured microstructure can cause variations of elastic modulus 
in Ti alloys [14]. In order to understand the large variations in modulus, XRD was 
carried out on an x-y plane of the grips of five selected tensile samples, which is 
perpendicular to the build direction but parallel to the tensile loading direction. The 
preferred orientation information was extracted by Reitveld refinement, where the 
March–Dollase parameter r is used to measure the preferred orientation (0 < r < 1, r = 1 
stands for no preferred orientation) [15]. The lattice parameters of the α phase and the 
March–Dollase parameter r in the (001) plane are listed in Table 3. The lattice 
parameters of the α phase remained almost unchanged at different sample heights, 
which suggests generally uniform distribution of solute atoms within the block sample. 
Perpendicular to the build direction (prior β columnar grains), all the selected samples 
exhibited a mild preferred orientation aligned to the (001) plane. However, the r value 
indicates that not all the prior β columnar grains were perfectly parallel to the build 
direction. In Table 2, Sample A1 with the highest Young’s modulus (136.1 GPa) 
showed the weakest degree of preferred orientation (r = 0.99), while Samples A3 and 
A5 with ~ 30 GPa lower Young’s modulus appeared to have stronger preferred 
orientation than Sample A1. In addition, Sample C9 with the second highest Young’s 
modulus (128.8 GPa) showed the strongest degree of preferred orientation (r = 0.78) 
among the five selected samples. These observations showed no direct correspondence 
between modulus and texture for the tensile samples analysed. The variations in 
microstructure and defects appear to be more influential than texture.  
Table 3 Lattice parameters of selected samples and March–Dollase parameter r in the 
(001) plane. 
Sample 
α lattice (Å) 
r 
Young’s 
modulus (GPa) 
a c 
A1 2.937 4.677 0.99 136.1 
A3 2.933 4.673 0.85 108.5 
A5 2.932 4.672 0.85 106.6 
B3 2.931 4.670 0.87 128.6 
C9 2.938 4.678 0.78 128.8 
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 The microstructue is nonuniform throughtout the thick block. Slightly graded α-β 
lamellar structure was observed along the building direction and horizontal direction, 
and some special microstructures occour, including abnormally coarse α laths, thick 
GBs, randomly distributed massive phases and defects. However, all the samples 
irrespective of their positions have decent tensile properties. It can be assumed that it is 
not necessary to worry about the microstructure inhomogeneity of the SEBM-fabricated 
Ti-6Al-4V sample for non-fatigue critical application. 
4. Conclusions 
A 34-mm thick Ti-6Al-4V block sample has been additively manufactured using SEBM 
and its microstructure and tensile properties have been studied systematically 
corresponding to different build heights and positions. The major findings are 
summarized below. 
 The as-built thick block sample showed non-uniformly distributed α and β phases 
throughout the whole volume. Marginally graded microstructure was observed due 
to decreased cooling rates with increasing build height. The α-lath thickness 
increased with increasing distance from the side surface or bottom of the block. 
The influence of sample thickness on microstructure was further assessed by 
comparing with the microstructure of a thin cylindrical sample at different build 
heights. 
 Special microstructural features observed in the thick block sample include 
abnormally coarse α laths, thick and tortuous grain boundary α and randomly 
distributed massive phases. 
 The local density of the block sample varied in the range of 99.4% ~ 99.8% due to 
the existence of residual pores and lack-of-fusion defects. About 70% of the defects 
were greater than 10 µm, which were potentially detriment to tensile and fatigue 
properties.  
 Despite the microstructural inhomogeneity, the tensile properties of all 27 samples 
prepared from nine different build heights of the block sample satisfied the 
requirements for mill-annealed Ti-6Al-4V, regardless of their positions in the block.  
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Achieving a high surface finish is a major challenge for most current metal
additive manufacturing processes. We report the first quantitative study of
the influence of as-built surface conditions on the tensile properties of Ti-6Al-
4V produced by selective electron beam melting (SEBM) in order to better
understand the SEBM process. Tensile ductility was doubled along with
noticeable improvements in tensile strengths after surface modification of the
SEBM-fabricated Ti-6Al-4V by chemical etching. The fracture surfaces of
tensile specimens with different surface conditions were characterised and
correlated with the tensile properties obtained. The removal of a 650-lm-thick
surface layer by chemical etching was shown to be necessary to eliminate the
detrimental influence of surface defects on mechanical properties. The
experimental results and analyses underline the necessity to modify the
surfaces of SEBM-fabricated components for structural applications, partic-
ularly for those components which contain complex internal concave and
convex surfaces and channels.
INTRODUCTION
Selective electron beam melting (SEBM) is a
powder-bed-based additive manufacturing (AM)
process, which is well suited to the manufacturing
of titanium (Ti) materials due to the high-vacuum
building chamber involved. Ti-6Al-4V (wt.%) is the
benchmark Ti material and also the most studied
metallic alloy for AM. To date, SEBM has found
important applications in the commercial produc-
tion of Ti-6Al-4V implants,1–3 while its applications
in other industrial sectors are quickly emerging.4
Despite these encouraging developments, the
understanding of the performance of SEBM-fabri-
cated Ti-6Al-4V is still at an early stage. One less
understood influence is that of the surface condi-
tions. As with other powder-bed-based AM pro-
cesses, the surfaces of SEBM-fabricated Ti parts
suffer from two generic issues, (1) the partially
melted Ti powder particles (the particles used for
SEBM are usually much coarser than those used for
selective laser melting, SLM), and (2) the stair-case
effect arising from the mismatch between the
computer-aided design model and slicing strategy.
As a result, SEBM-fabricated Ti parts often have a
rough surface (e.g. Ra = 30–68 lm compared to Ra<
1 lm for machined surfaces).5,6 Although the detri-
mental influence of surface roughness on the
mechanical properties of a metallic alloy is gener-
ally known, there is no quantitative understanding
for Ti-6Al-4V, and in fact it is not an important issue
in the context of traditional manufacturing. How-
ever, for additively manufactured Ti-6Al-4V and
other metallic alloys, it is clearly an important
issue. First, many innovative designs for AM con-
tain intricate internal structures including micro-
channels (<1 mm in diameter) and small diameter
macro-channels (>1 mm in diameter), thin walls
(<2 mm) and complex concave and convex surfaces.
In most cases, the finish of an external surface is
manageable by a variety of methods, but it is
difficult to do the same for many interior surfaces.
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To what extent will the imperfections of these
interior surfaces discount the mechanical proper-
ties? In particular, Ti-6Al-4V produced by either
SEBM7 or SLM8 shows a full-columnar structure
along the building direction. There are surface flaws
which are parallel to the columnar direction but
there are also surface flaws which are perpendicular
to the columnar direction. The latter type of flaws
can be more detrimental than the former type. This
stands out as an important concern from a design
perspective, especially when the SEBM-fabricated
part is designed for structural applications. A
detailed literature survey has found only one
related study, which showed that the fatigue prop-
erties of Ti-6Al-4V samples, produced by direct
metal laser sintering and SEBM, are dominated by
surface roughness effects.9 Second, surface rough-
ness is also known to exert an important influence
on the fluid flow behavior in microtubes10 and small
diameter tubes.11 For SEBM-fabricated Ti-6Al-4V
components which contain similar internal struc-
tures for fluid flow functions, can their inner surface
roughness be effectively improved, e.g. by acid
etching? Third, for either the external or internal
surfaces of Ti-6Al-4V produced under typical SEBM
conditions, it is informative to know from a design
perspective the approximate amount of surface
layer thickness that should be removed in order to
eliminate the negative influence of the surface
flaws. This is especially the case for the design of
thin-walled internal structures. Motivated by these
questions, the purpose of this study is threefold: (1)
to quantitatively identify the influence of surface
conditions on the tensile properties of SEBM-fabri-
cated Ti-6Al-4V; (2) to assess the effectiveness of
acid etching in improving the surface finish of
SEBM-fabricated Ti-6Al-4V; and (3) to produce
first-hand experimental data for the design of Ti-
6Al-4V by SEBM from a surface finish management
perspective.
EXPERIMENTAL METHODS
Materials and Manufacturing
Extra low interstitial (ELI) gas atomized Ti-6Al-
4V powder (ASTM Grade 23, 0.10 wt.% O, 0.01 wt.%
N, 0.03 wt.% C, 0.1 wt.% Fe,<0.003 wt.% H) with a
particle size range of 45–106 lm (D50 = 73.52 lm)
was used. Nine tensile specimens (ASTM 1391-
1991, 25 mm gauge length, U10 mm in grip section
and U5 mm in gauge section) were manufactured
vertically on a stainless steel base plate (200 mm 9
200 mm) in one batch without support using an
Arcam A1 system. The processing parameters are
summarized in Table I.
Surface Modification
Both chemical etching and machining were used
in this research to modify the surfaces of SEBM-
fabricated Ti-6Al-4V specimens. The selection of
chemical etching is based on the following consid-
erations. As pointed out earlier, the finish of an
external surface can be modified by a variety of
methods including machining, laser polishing,12
electrical discharge machining,13 shot peening,14
shape adaptive grinding,15 burnishing16 and laser
re-melting.17 However, none of them is suited to
modifying the surfaces of internal structures in an
intricate part. Chemical etching appears to be the
only practical option in this regard.
Three tensile specimens were etched in Kroll
reagent (3 mL 48% HF, 6 mL 70% HNO3, 100 mL
water, volume content of HF is 1.32%) at room
temperature. Each specimen was placed vertically
in a beaker with 250 mL fresh Kroll reagent and the
following reactions are expected to occur:18
Ti þ 6HF þ 4HNO3 ¼ 3H2TiF6 þ 4H2O þ 4NO2;
ð1Þ
3Ti þ 12HF þ 4HNO3 ¼ 3TiF4 þ 8H2O þ 4NO2:
ð2Þ
The mass of each specimen and its gauge diam-
eter and surface roughness at the gauge section
were measured every 30 min. The specimen was
returned to the beaker upside down after each
measurement in order to ensure uniform etching.
The total etching time was 120 min. After that, all
specimens were neutralized for 10 min in a dilute
NaOH solution and rinsed thoroughly with tap
water.
Characterization of Surface Conditions
A field emission scanning electron microscope
(FESEM; Zeiss Merlin) and an Alicona infinite focus
microscope (IFM; IF-EdgeMaster G4 Vb; Ali-
cona Imaging, Graz, Austria) were used to visualize
the surface morphology of the as-fabricated, sur-
face-etched and machined specimens. An area of
2.04 mm 9 2.04 mm selected from the surface of the
gauge section part was evaluated using the IFM. A
conventional stylus-type profilometer (Perthometer
S5P; Mahr, Germany) was used to quantify the
Table I. SEBM parameters used for fabrication
Parameters Values
Software version 3.2.121
Acceleration voltage 60 kV
Beam current 1–10 mA
Beam spot size 200 lm
Speed factor 98
Scanning line offset 0.1 mm
Focus offset 5 mA
Layer thickness 50 lm
Preheating temperature 730C
Vacuum 2.0 9 103 mbar
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surface roughness of the gauge section. The evalu-
ation length was 12.5 mm along the building direc-
tion. The surface roughness parameters Ra and Rz
(Rz is the mean peak-to-valley height) were calcu-
lated from the surface profiles according to the
ASME B46.1-2009.
Tensile Testing
Tensile testing was performed on an Instron tester
(Model 5569, 50 kN load cell; Instron, Norwood, MA,
USA) at a crosshead speed 0.5 mm/min at room
temperature. A 25-mm clip-on extensometer was
attached to the specimen for strain measurement.
The diameter used for calculating the cross-section
area is Dout  2Rz, where Dout is the outmost gauge
diameter. The fracture surfaces were investigated
using an FESEM.
RESULTS AND DISCUSSION
The evolution of surface roughness as a function
of etching time is shown in Fig. 1a and the corre-
sponding mass loss is shown in Fig. 1b. After
120 min etching, the Ra and Rz values were reduced
from 38.9 lm to 10.9 lm (a reduction of 72%) and
209.5 lm to 58.19 lm (also a reduction of 72%),
respectively. As a result, the surface roughness
improved substantially. This is clear from compar-
ing as-fabricated samples with surface-etched sam-
ples shown in Fig. 2. A noticeable mass loss was
recorded (Fig. 1b). The improvement in surface
roughness leveled out after 90 min etching,
although the mass loss tends to continue.
Representative surface conditions of the as-fabri-
cated, surface-etched and machined specimens are
shown in Fig. 3, obtained using the FESEM (Fig. 3-
a–c) and the Alicona IFM (Fig. 3a¢–c¢). The as-
fabricated surface contained a large number of
partially melted particles (Fig. 3a and a¢). Surface
etching was successful to remove all these particles
from the surface and smooth the surface, although it
left a number of shallow dents on the surface
(Fig. 3b and b¢). The machined surface (Fig. 3c and
c¢) showed the smoothest surface finish as measured
by its Ra (0.13 lm) and Rz (0.95 lm) values.
Figure 4a compares the representative tensile
stress–strain curves obtained from the as-fabri-
cated, surface-etched and machined specimens.
Each individual group of specimens exhibited con-
sistent tensile responses, which are shown sepa-
rately in Fig. 4b–d. Table II lists the average tensile
properties together with their relative densities (the
theoretical density is taken to be 4.43 g/cm3).19 The
as-fabricated specimens are essentially pore-free
(99.7% dense) and the relative density remained
unchanged after surface etching or machining. Also
listed in Table II are the minimum tensile proper-
ties and typical tensile properties of mill-annealed
Ti-6Al-4V for comparison. The as-fabricated Ti-6Al-
4V tensile specimens showed no obvious necking
stage on their stress–strain curves (Fig. 4b) in
contrast to the surface-etched and machined spec-
imens (Fig. 4c and d). Their ultimate tensile
strength (UTS) failed to meet the typical UTS of
mill-annealed Ti-6Al-4V while their tensile elonga-
tion (5.75%) is more than 40% lower than the
minimum tensile elongation (10%) required for mill-
annealed Ti-6Al-4V. Etching the surface doubled
the tensile elongation from 5.75% to 11.7%, along
with a noticeable increase (15%) in both the UTS
and yield strength. Machining the surface led to
very similar tensile elongation but slightly lower
tensile strengths (40 MPa lower) than did etching.
Fig. 1. Evolution of (a) surface roughness and (b) specimen mass as
a function of etching time. The numbers in (b) indicate the mass loss.
Fig. 2. Appearance of Ti-6Al-4V tensile specimens fabricated by
SEBM: as-fabricated, surface-etched, and machined.
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These results indicate that the surface condition of
the as-built Ti-6Al-4V specimens by SEBM has a
significant influence on their mechanical properties
and in fact it can be decisive.
Figure 5a–c show the macro tensile fracture
surfaces of the as-fabricated, surface-etched and
machined specimens while Fig. 5a¢–c¢ are closer
views of the boxed areas in (a), (b) and (c), respec-
tively. The following observations are notable from
the fracture surfaces.
As-fabricated (Fig. 5a and a¢) The fracture surface
exhibited an incomplete cup-cone profile and a
shear-lip free zone which spreads over about one-
sixth of the periphery (marked by broken lines in
Fig. 5a). A closer inspection of the shear-lip free
zone (Fig. 5a¢), revealed the existence of a number of
defects in the surface layer including surface
grooves and lack-of-fusion regions which are over
100 lm deep or wide. These large defects and the
easy connections between them under tensile
loading led to straightforward fracture in this
region from which cracks propagated to the rest of
the specimen. The fracture surface showed a shear
lip on the other side of the specimen at an angle of
about 45 to the tensile stress axis, which is
characteristic of ductile fracture. However, the
shear lip stopped developing into the surface layer
on the other side of the specimen, which is about
500 lm thick (see the broken line on the right-hand
side of Fig. 5a). This surface layer defines the
minimum thickness which needs to be removed
from both the external and internal surfaces of an
as-fabricated Ti-6Al-4V part for improved facture
response.
Surface-etched (Fig. 5b and b¢) The fracture sur-
face showed a typical cup-cone shape with a nearly
continuous shear lip zone enveloping the central
region of the specimen. Initial fracture started from
a small shear-lip free region and propagated to the
rest of the specimen (Fig. 5b). The shear-lip free
Fig. 3. (a), (b) and (c) are SEM surface images of as-fabricated, surface-etched and machined Ti-6Al-4V specimens, respectively, while (a¢), (b¢)
and (c¢) are respective surface conditions of as-fabricated, surface-etched and machined Ti-6Al-4V specimens observed under Alicona IFM,
where the characterized area is 2.04 mm 9 2.04 mm.
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region, which is about 150 lm deep from the etched
surface and 370 lm wide, still contained some lack-
of-fusion defects (Fig. 5b¢). The etching process
removed a surface layer of about 500 lm thick from
each tensile specimen. Figure 5b and b¢ indicates
that a further removal of the surface up to 150 lm
thick (650 lm in total) is necessary to eliminate the
influence of major surface defects. For some fine
internal structures in a complex SEBM-fabricated
Ti-6Al-4V part such as a 1-mm-thick thin wall, this
means that its section thickness will need to be
increased by 1300 lm, making the design thickness
to 2.3 mm in total. This can significantly change the
original design. Limited necking occurred as shown
by a thin bright ring along the periphery of the
specimen. It has been reported that etching Ti in a
hydrofluoric acid solution may lead to the formation
of a layer of titanium hydride21,22 which conse-
quently could introduce hydrogen embrittlement.
The as-etched Ti-6Al-4V specimen surfaces were
analyzed using x-ray photoelectron spectroscopy
(XPS). No trace of titanium hydride was detected.
Machined (Fig. 5c and c¢) The fracture surface is
distinguished by a bright ring (300–600 lm thick)
caused by necking during tensile testing and a
nearly uniform continuous shear lip zone along the
periphery. Unlike the fracture surfaces shown in
Fig. 5a and b, the fracture appeared to have initi-
ated from the interior defects in the specimen such
as pores, which evolved into crater-like features on
the fracture surface (Fig. 5c¢). The complete removal
of surface defects by machining resulted in
Fig. 4. Tensile stress–strain curves of as-fabricated, surface-etched and machined SEBM-fabricated Ti-6Al-4V. (a) Representative curves for
each surface finish. Good consistency was observed in each case: (b) as-fabricated, (c) surface-etched, and (d) machined.
Table II. Tensile properties of SEBM-fabricated Ti-6Al-4V with different surface conditions
Specimens Relative density (%TD) r0.2 (MPa) rUTS (MPa) Elongation (%)
As-built 99.8 ± 0.1 878.8 ± 15.3 938.0 ± 14.2 5.75 ± 0.70
As-built + surface-etched 99.7 ± 0.3 1018.3 ± 25.9 1079.1 ± 19.9 11.7 ± 1.44
As-built + machined 99.8 ± 0.2 970.6 ± 8.7 1042.4 ± 12.9 11.4 ± 0.98
Mill-annealed (ASTM F136) 100 >795 >860 >10
Mill-annealed (typical properties)20 100 875 965 13
r0.2 yield strength, rUTS ultimate tensile strength.
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distinctly different fracture characteristics. It is
unfortunately impractical to machine many inter-
nal surfaces in an intricate part.
The central region of each fracture surface, i.e. the
region enveloped by the shear-lip zone shown in
Fig. 5, all showed similar dimples when inspected at
Fig. 5. Tensile fracture surfaces of SEBM-fabricated Ti-6Al-4V: (a) as-built; (b) surface-etched; (c) machined specimens. (a¢), (b¢) and (c¢) are
enlarged views of corresponding rectangle areas in (a), (b) and (c), respectively. The broken line areas in (a) and (b) indicate shear-lip free zones,
where the cracks initiated. Arrows in (a) and (b¢) indicate crack propagation directions.
Fig. 6. (a) Optical image of a longitudinal section of an as-fabricated Ti-6Al-4V specimen by SEBM after tensile testing. (b) and (c) are SEM
images showing microcracks observed in the boxed areas shown in (a).
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higher magnifications. This confirms that the differ-
ence in fracture behavior between the as-fabricated,
surface-etched and machined samples is limited to
their surface layers. To further reveal the influence
of surface imperfections on crack initiation and
propagation, a longitudinal section perpendicular to
the fracture surface of an as-built tensile specimen
was polished and shown in Fig. 6a. Five microcracks
were observed to have initiated at the bottoms of
respective surface grooves on this polished sec-
tion. All these five surface grooves are perpendicular
to the tensile loading direction. Figure 6b and c
shows two such examples corresponding to the two
boxed areas marked out in Fig. 6a. Surface grooves
are high-stress concentration sites under tensile
loading. They can lead to crack initiation or facilitate
propagation of an existing crack at an accelerated
speed under low applied tensile stresses, accounting
for the much reduced tensile properties of the as-
built specimens shown in Fig. 4. In contrast, no such
microcracks were observed in surface-etched and
machined specimens, further indicative of the effec-
tiveness of surface modification.
It should be noted that, apart from the rough
surface, the surface layer of SEBM-fabricated Ti-
6Al-4V often contains pores of various sizes. Surface
etching or machining has the effect of cleaning up
both surface roughness and porosity at the same
time. This positive secondary effect may also have
contributed to the improved tensile properties.
Regarding the influence of the as-built surface
conditions on fatigue performance, a systematic
study is still underway to assess this issue (uniaxial
fatigue testing in ambient environment under
400 MPa, R = 0.1 and 10 Hz with fatigue specimens
prepared according to ASTM E466-07, namely
U5 mm test section, 20 mm test section length and
40 mm blending fillet radius). In the fatigue exper-
iments performed to date, the number of cycles to
failure of the as-built Ti-6Al-4V specimens at
400 MPa reached only about 2.0 9 104, which
increased to 8.0 9 104 after surface etching and
further to 5.0 9 105 after machining. These pre-
liminary results indicate that the fatigue perfor-
mance is more sensitive to surface conditions than
the tensile properties for SEBM-fabricated Ti-6Al-
4V. Detailed experimental results will be reported
in the near future including the additional influence
of hot isostatic pressing.
SUMMARY
The influence of surface conditions on the tensile
properties of SEBM-fabricated Ti-6Al-4V has been
investigated. The surface finish can be decisive in
determining the performance of SEBM-fabricated
Ti-6Al-4V. Without surface modification, the as-
fabricated Ti-6Al-4V specimens showed tensile elon-
gation (5.75%) far below the minimum tensile
elongation (10%) required for mill-annealed Ti-6Al-
4V, and also low ultimate tensile strength (UTS)
and yield strength. Chemical etching using Kroll
reagent doubled the tensile elongation and
increased both the UTS and yield strength by 15%
due to the much improved surface finish (the
surface roughness was reduced from 38.9 lm to
10.9 lm), making the surface-etched Ti-6Al-4V
specimens comparable to machined specimens. The
fracture of as-fabricated Ti-6Al-4V tensile speci-
mens started from surface imperfections, leading to
the formation of shear-lip free zones on the fracture
surfaces. The removal of a 650-lm-thick surface
layer by chemical etching is necessary to eliminate
the detrimental influence of surface defects on
mechanical properties based on the characterization
of the fracture surfaces. This could be challenging
for SEBM-fabricated intricate parts which contain
fine internal structures. In this regard, it is impor-
tant to continue to improve the AM process for
better surface finish or the mechanical properties of
the as-fabricated Ti-6Al-4V components should be
discounted accordingly in considering their
applications.
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1. Introduction 
Selective electron beam melting (SEBM) is a commercially established powder-bed 
additive manufacturing (AM) process today for direct digital manufacturing of titanium 
(Ti) products. The layer-by-layer manufacturing process allows designers and 
engineers to build complex shapes with few geometric limitations. However, post-
processing treatments are often needed for intricate parts made for demanding 
applications. This is because SEBM-fabricated Ti parts exhibit a rough surface (e.g. Ra 
= 30 - 68 μm compared to Ra < 1 μm for machined surfaces), which results from the 
partially melted Ti powder particles on the surface and the stair-case effect [1, 2]. Some 
post processing is necessary for most practical applications due to the potential 
detrimental influence of such rough surfaces on mechanical performance. In particular, 
many innovative designs for AM contain intricate internal structures including thin 
channels, thin walls and complex concave and convex surfaces. It is difficult to manage 
the surface finish of these internal structures.  
Although research has shown that the tensile mechanical properties of SEBM Ti-6Al-
4V samples are comparable to those of wrought counterparts and much superior to those 
of as-cast counterparts [3-5], the properties reported were obtained from samples with 
machined surfaces. Considering that it is difficult to post-process some internal surfaces 
in many designs realised by SEBM, it is necessary to understand the performance of 
SEBM-fabricated parts with different surface conditions. Several studies have 
investigated the influence of surface finish on the tensile properties of AM Ti-6Al-4V 
samples [6-9]. The removal of surface defects significantly increased the yield strength 
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 and ductility [6-9]. Similar observations have been made with the influence of surface 
roughness on fatigue properties. Wycisk et al. [10] found that the endurance limit of 
laser beam melted (SLM) Ti-6Al-4V samples with the as-built surface conditions 
reached only ~ 210 MPa (Ra ≈ 13μm, uniaxial load, R = 0.1), compared to 500 MPa 
with polished surfaces (Ra ≈ 0.5 μm). Greitemeier et al. [11] reported that Ti-6Al-4V 
samples with the surface roughness (Ra) of 110 μm made by direct metal laser sintered 
(DMLS) achieved fatigue strength of only 200 MPa and those with the surface 
roughness (Ra) of 214 μm made by SEBM ended up with the fatigue strength of just 
150 MPa.  
A previous study has shown that chemical etching is an effective method to improve 
the surface finish of SEBM-fabricated Ti-6Al-4V specimens [9]. This study 
investigates the effectiveness of chemical etching on the fatigue properties of SEBM-
fabricated Ti-6Al-4V.   
2. Experimental Methods 
Materials and Manufacturing 
Extra low interstitial (ELI) gas atomized Ti-6Al-4V powder (supplied by Arcam AB 
Inc., 0.10 wt.% O, 0.01 wt.% N, 0.03 wt.% C, 0.1 wt.% Fe,<0.003 wt.% H) with a 
particle size range of 45 – 106 μm was used. A total of 60 dog-bone like fatigue 
specimens were manufactured vertically on a stainless steel base plate (200 mm × 200 
mm) in one batch without support using an Arcam A1 SEBM system. All dog-bone like 
fatigue specimens were manufactured into dimensions specified by ASTM E466-07, 
namely 20 mm gauge section length, Φ5 mm in gauge section, Φ8 mm in grip section, 
40 mm for blending fillet radius and a total length of 110 mm. The SEBM processing 
parameters have been specified elsewhere [9]. A separate batch of 24 cylindrical 
specimens (Φ10 mm, 120 mm in length) were manufactured under the same condition. 
12 of them were machined into dog-bone fatigue specimens (same dimensions with the 
above SEBM-fabricated fatigue specimens) in the as-built condition and the other 12 
were subjected to hot isostatic pressing (HIP) first and then machined into fatigue 
specimens. The HIP treatment was carried out in argon, first at 850oC for 4 h and then 
at 930oC for 4 h under 150 MPa. The same HIP treatment was also applied to 24 out of 
the 60 dog-bone like fatigue samples.  
156
 Surface Modification 
For SEBM-fabricated fatigue specimens, both chemical etching and machining were 
used to modify the surface by removing a 0.5mm thick surface layer. The detailed 
etching process has been reported previously [9]. There were seven groups of 
specimens investigated in total, four groups were non-HIP-processed specimens and 
three groups were HIP-processed specimens. The four groups of non-HIP-processed 
specimens were referred to as four different surface conditions: as-fabricated, etched, 
machined from as-fabricated dog-bone like fatigue specimens (machined (1)) and 
machined from cylindrical specimens (machined (2)), as seen in Fig. 1. Compared to 
the non-HIP samples, the HIP-processed fatigue specimens had three surface conditions 
apart from the as-fabricated surface condition. Each group had 12 specimens.  
 
Fig. 1 Ti-6Al-4V fatigue specimens fabricated by SEBM: as-fabricated, etched, 
machined from as-fabricated dog-bone like fatigue specimens, referred to as 
‘machined (1)’, and machined from uniform cylindrical specimens, denoted as 
‘machined (2)’. 
Characterization of Surface Conditions 
A field emission scanning electron microscope (FESEM; Zeiss Merlin) was used to 
visualize the surface morphology of the as-fabricated, etched, machined (1) and 
machined (2) specimens. A conventional stylus-type profilometer (Perthometer S5P; 
Mahr, Germany) was used to quantify the surface roughness of the gauge section. The 
evaluation length was 12.5 mm along the build direction. The surface roughness 
parameters Ra and Rz (Rz is the mean peak-to-valley height) were calculated from the 
surface profiles according to the ASME B46.1-2009.  
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 Fatigue Testing 
High cycle fatigue (HCF) testing was performed at four stress levels for each group of 
specimens, using a digitally controlled MTS testing machine (100 kN), under the stress 
ratio R (min/max stress amplitudes) of 0.1 at the frequency of 10 Hz at room 
temperature. The diameter used for calculating the cross-section area is Dout - 2Rz, 
where Dout is the outmost diameter of the gauge section. The fracture surfaces were 
investigated using an FESEM. 
3. Results and Discussion 
3.1 Characteristics of Surface Conditions 
The FESEM images in Fig. 2 show the micro-surface appearances of the as-fabricated, 
etched, machined (1), and machined (2) specimens at the gauge sections. Fig. 3 shows 
the surface profiles and roughness values of each specimen obtained using a 
conventional stylus-type profilometer. As shown in Fig. 2a and a′, the as-fabricated 
surface was enveloped by partially melted particles, which contributed to a high Ra 
value of 31.21 μm (Fig. 3a). After chemical etching, the partially melted particles were 
removed, and the surface was smoothed (Fig. 2b), although a small amount of shallow 
dents were left on the surface (Fig. 2b′). The Ra value decreased from 31.21 μm to 8.92 
μm after etching. The machined surface showed the smoothest surface finish compared 
to the as-fabricated and etched surfaces (Fig. 3), while the specimens machined from 
as-fabricated dog-bone like fatigue specimens (machined (1)) still showed some tiny 
wedged notches on the surfaces (Fig. 2c and c′), indicating that a machined layer of ~ 
0.5 mm is insufficient to eliminate all defects on a rough SEBM-fabricated surface. In 
contrast, the specimens machined from cylindrical specimens show smooth surfaces 
with on detectable defects (Fig. 2d), apart from machining marks (Fig. 2d′). 
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Fig. 2 FESEM surface images taken from the gauge sections of fatigue specimens. (a) 
as-fabricated. (b) Surface-etched. (c) Machined from as-fabricated dog-bone like 
fatigue specimens. (d) Machined from cylindrical specimens. (a′), (b′), (c′) and (d′) are 
enlarged views of corresponding boxed areas in (a), (b), (c) and (d), respectively.  
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Fig. 3 Surface profiles of Ti-6Al-4V fatigue specimens at the gauge sections 
measured by a conventional stylus-type profilometer. (a) As-fabricated. (b) Surface-
etched. (c) Machined from as-fabricated dog-bone like fatigue specimens. (d) 
Machined from cylindrical specimens. 
3.2 Fatigue Results 
The HCF testing results of SEBM-fabricated Ti-6Al-4V before and after HIP with four 
different surface conditions are plotted in a stress-number-of-cycles-to-failure (S-N) 
diagram, as shown in Fig. 4. In general, the fatigue life of all specimens investigated 
follows the order: HIP + machined (2) > machined (2) > HIP + etched > etched > HIP 
+ machined (1) > machined (1) > as-fabricated. The specimens after HIP (hollow 
symbols) generally exhibited a longer fatigue life than the specimens before HIP (solid 
symbols) under each surface condition (e.g. longer by two orders of magnitude at 600 
~ 800 MPa under the machined (2) condition). This is mainly due to the elimination of 
internal defects during HIP, e.g. residual argon pores from feedstock powder and lack-
of-fusion defects, which can cause stress concentration and crack initiations. It was 
assumed that the machined specimens with a much lower Ra value (i.e. 0.13 μm) would 
have longer fatigue life than the etched specimens (Ra: 8.92 μm). However, the etched 
specimens exhibit better fatigue performance than the machined (1) specimens, e.g. by 
one order of magnitude better for non-HIP specimens and 5 times better for HIP 
specimens at 300 MPa. It is observed in Fig. 2c that some tiny notches remained on the 
surface after machining from the as-fabricated surface. These wedged notches formed 
during AM between two successive powder layers. They were detrimental to the fatigue 
performance due to high stress concentration. Chemical etching is effective in rounding 
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 the sharp radius of curvature and thus decreasing the stress concentration. Once those 
surface notches were completely removed, e.g. fatigue specimens machined from 
cylindrical specimens, the fatigue performance improved significantly. It can be seen 
from Fig. 4 that only those specimens machined from cylindrical specimens can reach 
the fatigue life of mill-annealed Ti-6Al-4V, and even superior after HIP at 800 MPa. 
The fatigue life of non-HIP machined (2) specimens is much longer than that of either 
HIP + etched or HIP + machined (1) specimens, indicating that the influence of surface 
defects on the fatigue performance is far greater than that of internal defects. Although 
chemical etching can improve the surface finish and thus improve the tensile properties 
[9], the fatigue life of surface-etched specimens was much shorter than that of machined 
(2) specimens, e.g. by one order of magnitude for non-HIP specimens and two orders 
of magnitude for HIP specimens at 600 MPa. This indicates that chemical etching is 
not competent for fatigue critical applications.  
 
Fig. 4 Fatigue properties of SEBM-fabricated Ti-6Al-4V with different surface 
conditions, compared with that of mill-annealed Ti-6Al-4V [12]. Machined (1): 
surface machined from as-fabricated dog-bone like fatigue specimens. Machined (2): 
surface machined from cylindrical specimens. Specimens that broke outside of the 
gauge section were excluded. 
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 3.3 Fracture Surface Analysis 
Fatigue failure consists of three stages: crack initiation, crack propagation and final 
failure. Crack initiation usually plays the dominant role in HCF [13] and is often found 
to take place at the surface and subsurface areas of the specimens [5, 13-15]. Once a 
crack initiates, the crack will propagate fast and radially into the material and leave 
radiating ridges around the initiation site. For AM products, defects, such as notches on 
the surface, residual pores and lack of fusion, usually act as initiators of cracks due to 
the high stress concentration [5, 10, 11, 14, 16].  
Fig. 5 shows representative fracture surfaces of the SEBM-fabricated Ti-6Al-4V before 
HIP with four different surface conditions subjected to loading at 500 MPa. Fig. 5(a - 
d) gives the macro views of the fracture surfaces and Fig. 5(a′ - d′) displays the enlarged 
views of crack initiation sites as boxed in corresponding macro views. Other typical 
micro features of each fracture surface are also enlarged in Fig. 5(a″ - d″). It can be seen 
from Fig. 5(a - d) that all fracture surfaces comprise residual pores and lack of fusion 
areas which are the typical defects of AM Ti-6Al-4V. For the as-fabricated specimen 
shown in Fig. 5a, multiple cracks initiated along the perimeter of the gauge surface and 
propagated inwards the cross section. There were many internal pores and large areas 
of lack of fusion which are also detrimental to the fatigue properties (Fig. 5a and a″). 
The rough as-fabricated surface contains a large number of sharp necks between 
partially melted particles and grooves that exist between two successive powder layers 
(Fig. 5a′). They can lead to high stress concentrations during loading. As the HCF is 
dominated by crack initiation stage [13], multiple crack initiations can lead to the 
shortest fatigue life among all specimens with different surface conditions, as shown in 
Fig. 4. For specimens with an etched surface, the crack initiated at a shallow dent on 
the surface and propagated into the material as evidenced by the radial ridges from the 
dent (Fig. 5b and b′). The removal of partially melted particles and sharp grooves by 
chemical etching is an effective method to decrease the crack initiation sites and thus 
prolong the fatigue life of the alloy. Fig. 5b″ shows another typical defect in the as-
fabricated specimens - residual pores - which are the weak sites against crack 
propagation. Although subjected to post machining, cracks still initiated at the surface 
of the specimens machined from the as-fabricated dog-bone like fatigue specimens, as 
seen in Fig. 5c. As indicated in Fig. 2c and c′, a few wedged notches/grooves were left 
on the surface, which could generate high stress concentration during loading. A scan 
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 track of electron beam found in Fig. 5c′ indicates that the crack initiated at a residual 
notch. Fig. 5c″ shows that a rounded surface depression with a size of 150 μm remained 
at the subsurface after machining. This depression was assumed to be an irregular 
shaped pore. Tammas-Williams et al. reported that during SEBM process, the argon 
pores could be pushed forward by the solidification front to the hatching region and 
coalesced into irregular shaped pores [17]. And two peaks in porosity were observed 
from the as-fabricated surface to the depths of 0.9 mm and 1.6 ~ 2 mm. The machining 
depth applied on the as-fabricated specimens in this study was only ~ 0.5 mm. Those 
irregular shaped pores could remain at the subsurface and facilitate crack initiation. 
Different from the specimens discussed above, the fatigue crack of the specimens 
machined from cylindrical specimens was found to initiate at small lack-of-fusion 
defects which were ~ 750 μm away from the surface (Fig. 5d and d′) and then propagate 
to a large lack-of-fusion region (Fig. 5d″).  
For fatigue specimens that were subjected to HIP, those typical AM defects such as 
argon gas pores and lack-of-fusion defects were healed, as can be seen in Fig. 6(a - c). 
The fatigue fracture surfaces of HIP-processed specimens generally include four 
regions: crack initiation site, radial propagation region, ductile tearing region and final 
fracture shear lip. The failure modes of each group of specimens after HIP were similar 
to their as-fabricated counterparts. Fig. 6a and a′ show that the fatigue cracks of surface-
etched specimens after HIP still tended to initiate at the specimen surface due to the 
presence of dents. For the specimens machined from as-fabricated dog-bone like fatigue 
specimens, Fig. 6b′ and b″ show that the residual notches still dominated the crack 
initiations as evidenced by an attached particle and a scan track of electron beam. Fig. 
6c shows that a crack initiated at the center of the cross section and propagated radially 
outwards. The initiation site was an 8 μm-long opening which probably formed during 
high-cycle loading (Fig. 6c′ and c″). 
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Fig. 5 FESEM fracture surfaces of the SEBM-fabricated Ti-6Al-4V fatigue specimens 
before HIP. (a) as-fabricated. (b) Surface-etched. (c) Machined from as-fabricated 
dog-bone like fatigue specimens. (d) Machined from cylindrical specimens. (a′) - (d′) 
show the enlarged views of crack initiation sites of corresponding specimens. (a″) - 
(d″) show other fracture features of corresponding specimens. All the specimens were 
loaded at 500 MPa. 
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Fig. 6 FESEM fracture surfaces of the SEBM-fabricated Ti-6Al-4V fatigue specimens 
after HIP. (a) Surface-etched. (b) Machined from as-fabricated dog-bone like fatigue 
specimens. (c) Machined from cylindrical specimens. (a′) - (c′) show the enlarged 
views of crack initiation sites of corresponding specimens. (a″) - (c″) show other 
fracture features of corresponding specimens. The specimens in (a) and (b) were 
loaded at 500 MPa, the specimen in (c) was loaded at 800 MPa. 
 
4. Conclusions 
Surface modification has been applied on SEBM-fabricated Ti-6Al-4V fatigue 
specimens through chemical etching and machining and the influence of surface 
conditions on fatigue properties has been investigated with and without HIP. The major 
findings are summarized below. 
165
  Fatigue specimens machined from uniform cylindrical specimens either before or 
after HIP can achieve the fatigue life of mill-annealed Ti-6Al-4V. HIP can 
effectively improve fatigue performance by healing internal defects, but the 
influence of surface defects on the fatigue performance is far greater than that of 
the internal defects. In other words, applying HIP to SEBM-fabricated fatigue 
samples in the as-built surface condition is not effective enough to improve the 
fatigue strength due to the overriding effect of the surface defects. The fatigue life 
of all specimens investigated in this research follows the order of performance: 
samples machined from HIP-processed cylindrical samples > samples machined 
from as-fabricated cylindrical sample > HIP-processed dog-bone like fatigue 
samples with surface etching > as-fabricated dog-bone like fatigue samples with 
surface etching > insufficiently machined (removal of a 0.5mm thick surface layer) 
HIP-processed dog-bone like fatigue samples > insufficiently machined (removal 
of a 0.5mm thick surface layer) as-fabricated dog-bone like fatigue samples > as-
fabricated dog-bone like fatigue samples. 
 Chemical etching is effective in enabling the tensile properties of SEBM-fabricated 
Ti-6Al-4V to satisfy the minimum requirements for mill-annealed Ti-6Al-4V, but 
it has failed to make the fatigue strength to be comparable to that of the mill-
annealed Ti-6Al-4V due to the sensitivity of high cycle fatigue to the residual 
surface defects. Machining is still necessary for fatigue-critical applications. 
 Fatigue cracks were found to initiate from the surface defects, the removal of a 0.5 
mm-thick layer from an as-built SEBM Ti-6Al-4V surface is insufficient to exclude 
all the surface/subsurface defects. A further study is needed to identify the 
minimum removal by for SEBM-fabricated Ti-6Al-4V products.  
 
References 
[1] Jamshidinia, M. and Kovacevic, R., The influence of heat accumulation on the 
surface roughness in powder-bed additive manufacturing. Surface Topography: 
Metrology and Properties, 3, 014003 (2015). 
[2] Haslauer, C.M., Springer, J.C., Harrysson, O.L., Loboa, E.G., Monteiro-Riviere, 
N.A. and Marcellin-Little, D.J., In vitro biocompatibility of titanium alloy discs 
made using direct metal fabrication. Medical engineering & physics, 32, 645-652 
(2010). 
166
 [3] Al-Bermani, S.S., Blackmore, M.L., Zhang, W. and Todd, I., The origin of 
microstructural diversity, texture, and mechanical properties in electron beam 
melted Ti-6Al-4V. Metallurgical and Materials Transactions A, 41, 3422-3434 
(2010). 
[4] Murr, L.E., Esquivel, E.V., Quinones, S.A., Gaytan, S.M., Lopez, M.I., Martinez, 
E.Y., Medina, F., Hernandez, D.H., Martinez, E., Martinez, J.L. and Stafford, S.W., 
Microstructures and mechanical properties of electron beam-rapid manufactured 
Ti–6Al–4V biomedical prototypes compared to wrought Ti–6Al–4V. Materials 
characterization, 60, 96-105 (2009). 
[5] Chan, K.S., Koike, M., Mason, R.L. and Okabe, T., Fatigue life of titanium alloys 
fabricated by additive layer manufacturing techniques for dental 
implants. Metallurgical and Materials Transactions A, 44, 1010-1022 (2013). 
[6] de Formanoir, C., Michotte, S., Rigo, O., Germain, L. and Godet, S., Electron 
beam melted Ti–6Al–4V: Microstructure, texture and mechanical behavior of the 
as-built and heat-treated material. Materials Science and Engineering: A, 652, 
105-119 (2016). 
[7] Everhart, W., Sawyer, E., Neidt, T., Dinardo, J. and Brown, B., The effect of 
surface finish on tensile behavior of additively manufactured tensile bars. Journal 
of Materials Science, 1-10 (2016). 
[8] Palanivel, S., Dutt, A.K., Faierson, E.J. and Mishra, R.S., Spatially dependent 
properties in a laser additive manufactured Ti–6Al–4V component.Materials 
Science and Engineering: A, 654, 39-52 (2016). 
[9] Sun, Y.Y., Gulizia, S., Oh, C.H., Fraser, D., Leary, M., Yang, Y.F. and Qian, M., 
The influence of As-Built surface conditions on mechanical properties of Ti-6Al-
4V additively manufactured by selective electron beam melting. JOM, 68, 791-
798 (2016). 
[10] Wycisk, E., Solbach, A., Siddique, S., Herzog, D., Walther, F. and Emmelmann, 
C., Effects of defects in laser additive manufactured Ti-6Al-4V on fatigue 
properties. Physics Procedia, 56, 371-378 (2014). 
[11] Greitemeier, D., Donne, C.D., Syassen, F., Eufinger, J. and Melz, T., Effect of 
surface roughness on fatigue performance of additive manufactured Ti–6Al–4V. 
Materials Science and Technology, 32, 629-634 (2016). 
[12] Donachie, M.J., Titanium: a technical guide. ASM international (2000). 
167
 [13] Nalla, R.K., Boyce, B.L., Campbell, J.P., Peters, J.O. and Ritchie, R.O., Influence 
of microstructure on high-cycle fatigue of Ti-6Al-4V: bimodal vs. lamellar 
structures. Metallurgical and Materials Transactions A, 33, 899-918 (2002). 
[14] Edwards, P., O'Conner, A. and Ramulu, M., Electron beam additive manufacturing 
of titanium components: properties and performance. Journal of Manufacturing 
Science and Engineering, 135, 061016 (2013). 
[15] Gong, H., Rafi, K., Gu, H., Ram, G.J., Starr, T. and Stucker, B., Influence of 
defects on mechanical properties of Ti–6Al–4V components produced by selective 
laser melting and electron beam melting. Materials & Design, 86, 545-554 (2015). 
[16] Edwards, P. and Ramulu, M., Effect of build direction on the fracture toughness 
and fatigue crack growth in selective laser melted Ti‐6Al‐4 V. Fatigue & Fracture 
of Engineering Materials & Structures, 38, 1228-1236 (2015). 
[17] Tammas-Williams, S., Zhao, H., Léonard, F., Derguti, F., Todd, I. and Prangnell, 
P.B., XCT analysis of the influence of melt strategies on defect population in Ti–
6Al–4V components manufactured by selective electron beam melting. Materials 
Characterization, 102, 47-61 (2015). 
 
168
  
 
 
 
 
 
 
 
 The Electrochemical Responses of Ti-6Al-
4V Alloy Manufactured by Seven Different Processes 
including SEBM in Hank’s Solution at 37oC 
 
 
 
 
 
 
 
 
  
169
  
 
 
 
 
 
The Electrochemical Responses of Ti-6Al-4V Alloy Manufactured by Seven 
Different Processes including SEBM in Hank’s Solution at 37oC 
 
(Paper 6) 
 
Y.Y. Sun, S. Gulizia, Z.M. Shi, C.H. Oh, D. Fraser, M. Leary, M. Qian 
 
(Ready for submission) 
 
  
170
 The Electrochemical Responses of Ti-6Al-4V Alloy Manufactured by Seven 
Different Processes including SEBM in Hank’s Solution at 37oC 
Y.Y. Suna, S. Guliziab,*, Z.M. Shic, C.H. Ohb, D. Fraserb, M. Learya, M. Qiana,* 
a RMIT University, School of Engineering, Centre for Additive Manufacturing, 
Melbourne, VIC 3000, Australia 
b Commonwealth Scientific and Industrial Research Organisation (CSIRO), 
Manufacturing Flagship, Clayton, Melbourne, VIC 3168, Australia 
c The University of Queensland, School of Mechanical and Mining Engineering, 
Brisbane, Qld, Australia 
1. Introduction 
The Ti-6Al-4V (wt.%) alloy has been widely accepted by the biomedical industry for 
more than half a century due to the combination of excellent biocompatibility, high 
corrosion resistance and superior mechanical properties [1-3]. The high corrosion 
resistance is mainly attributed to the naturally formed compact, tenacious and protective 
TiO2 film which isolates the metal matrix from the corrosive environment. However, 
corrosion can still occur in the human body when the passive TiO2 film is slowly broken 
down by fretting of the loosened implant and/or by the local acidification due to a 
wound or infection [4, 5]. The release of Al and V ions has aroused concerns regarding 
the long-term safety of Ti-6Al-4V implants [6-11], Al ions have been reported to cause 
local inflammation [6] and Alzheimer՛s disease [7, 8], and V ions have been reported to 
be toxic [9, 10] and to show adverse tissue effects [11]. The corrosion resistance of Ti-
6Al-4V in simulated physiological solution, like 3.5% NaCl [12], Hank’s [13] and 
Ringer’s [14] solutions, was shown to be microstructure-dependent, whereby 
martensitic structures exhibited lower corrosion rates than the normal α+β structure [12-
14]. Additive manufacturing (AM) by selective laser melting (SLM) and selective 
electron beam melting (SEBM) offer the ability to fabricate geometrically optimized 
and customized implants, but they both produce distinctly different microstructures 
compared with the microstructures of traditional wrought or as-cast Ti-6Al-4V. SLM-
fabricated Ti-6Al-4V typically shows a fully martensitic or martensite predominant 
microstructure [15, 16] while SEBM-fabricated Ti-6Al-4V can show a variety of 
microstructural features consisting of martensite, lamellar α/β and isolated α and β 
phases in different morphologies [17-21].  
171
 To date, AM Ti-6Al-4V implants have received wide acceptance. For example, more 
than 40,000 SEBM-fabricated Ti-6Al-4V acetabular cups were implanted by April 
2014 [22], where SEBM-fabricated Ti-6Al-4V acetabular cups received the Conformité 
Européenne (CE, European Conformity) certification in 2007, the US Food and Drug 
Administration (FDA) approval in 2010 and China Food and Drug Administration 
(CFDA) approval in 2015. Despite the increasing acceptance and applications, the 
literature shows limited information about detailed experimental assessments of the 
corrosion performance of AM Ti-6Al-4V, and literature data is inconsistent due to the 
different experimental parameters used. Koike et al. [23] evaluated the corrosion 
characteristics of SLM, SEBM, as-cast and mill-annealed Ti-6Al-4V using the 
electrolytic method and the potentiostatic polarization technique in a modified 37oC 
Tani-Zucchi synthetic saliva. The SLM and mill-annealed Ti-6Al-4V specimens 
showed better corrosion resistance than the SEBM and as-cast Ti-6Al-4V specimens. 
Abdeen and Palmer [24] conducted both potentiodynamic and potentiostatic tests on 
SEBM and mill-annealed Ti-6Al-4V in 3.5 wt.% NaCl solution to determine the pitting 
potential and critical pitting temperature. Both the SEBM and mill-annealed Ti-6Al-4V 
samples exhibited excellent corrosion resistance and were able to maintain passive at a 
high potential even at 85oC. They did not correlate corrosion performance to 
microstructure, which has a significant influence on the corrosion performance. 
Atapour et al. [25] investigated the corrosion resistance of four distinctly different 
microstructures (equiaxed α+β, two bimodal microstructures and fully lamellar 
structure) of forged and heat-treated Ti-6Al-4V in NaCl and HCl solutions at 37oC. 
They found that the volume fraction and spatial distribution of α and β phases along 
with elemental partitioning in respective phases were the main factors affecting the 
corrosion performance. This study systematically investigates the influence of 
microstructures on the corrosion resistance of Ti-6Al-4V alloy prepared by different 
processes including AM in Hank’s solution at 37oC via potentiodynamic polarization.  
2. Experimental Methods 
2.1 Manufacturing of Seven Different Types of Ti-6Al-4V Samples 
Seven methods were used to fabricate Ti-6Al-4V alloy with different microstructures, 
including SEBM, SEBM + hot isostatic pressing (HIP), SLM, SLM + HIP, casting, 
spark plasma sintering (SPS) and mill-annealing. 
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 The SEBM sample was cut from the bottom of a 60 × 60 × 40 mm3 block manufactured 
using an Arcam A1 system (Mӧlndal, Sweden) with extra low interstitial (ELI) gas 
atomized (GA) Ti-6Al-4V powder (Arcam, 45-106 μm) following the standard build 
theme as specified previously [26]. HIP was applied to another 60 × 60 × 40 mm3 
SEBM as-built block under the argon atmosphere, first at 850oC for 4 h under 150 MPa 
and then at 930oC for 4 h also under 150 MPa. The tested samples was cut from the 
bottom of the block. 
For SLM, ELI GA Ti-6Al-4V powder with a particle size range of 25-45 μm (TLS 
Technik GmbH & Co., Bitterfeld-Wolfen, Germany) was used to build cylindrical 
samples of 15 mm in diameter and 100 mm in length using an SLM 250 HL system 
(400 W; SLM Solutions GmbH, Lübeck, Germany). The powder bed was preheated to 
200 oC prior to SLM and the building chamber was purged with argon until the oxygen 
level was reduced to 100 ppm. A layer thickness of 30 μm was applied. The same HIP 
parameters specified earlier were employed. Both SLM and SLM + HIP samples were 
cut from the bottom of the Φ15 mm cylinders. 
The as-cast sample with a dimension of 12×12×16 mm3 was cut from the top section of 
a commercial ELI Ti-6Al-4V ingot (ASTM Grade 23, RTI Int. Metal, Inc. US). The 
ingot was produced as a single melt in a vacuum arc furnace and the size was 30" (762 
mm) in diameter and 3,250 kg.  
The SPS sample was made from hydride-dehydride (HDH) Ti powder (99.5% purity, -
150 μm) and 60Al-40V master alloy powder (99.5% purity, 44 μm). The powder blend 
was loaded into a high-density graphite die (42 mm internal dia. and 15 mm wall 
thickness). Consolidation of the powder blend was conducted at 1,100°C for 30min 
under vacuum (< 4 Pa) in a SPS unit (SPSsyntex Co., SPS-1030S), heated at 20°C/min 
and furnace cooled. The pressure applied during heating and isothermal holding was 30 
MPa. A 10×10×10 mm3 sample was cut for analysis.  
A commercial mill-annealed Ti-6Al-4V sample (8 mm thick sheet, heated to 735 oC for 
2 h in air, the oxidised surface was machined off) was used for comparison. An 8×10×8 
mm3 sample was cut for analysis. 
Table 1 lists the chemical compositions of the seven different types of Ti-6Al-4V 
samples. The contents of carbon, oxygen and hydrogen were determined using a LECO 
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 CS600 analyser while the contents of aluminium, vanadium and iron were analysed 
with an Agilent 730 ICP-OES analyser. The ASTM specification for mill-annealed Ti-
6Al-4V alloy for surgical implant applications (ASTM F1472-14 [3]) is also listed for 
comparison. Except the oxygen and hydrogen contents in the SPS sample, the samples 
prepared all meet the ASTM specification.  
Table 1 Chemical compositions of Ti-6Al-4V samples manufactured by different 
methods. 
Specimen 
Ti 
(wt. %) 
Al 
(wt. %) 
V 
(wt. %) 
Fe 
(wt. %) 
O 
(wt. %) 
H 
(wt. %) 
C 
(wt. %) 
SEBM Bal. 6.34 3.96 0.19 0.18 0.002 0.01 
SEBM + HIP Bal. 6.36 3.95 0.23 0.16 0.005 0.01 
SLM Bal. 6.32 4.02 0.22 0.13 0.007 0.01 
SLM + HIP Bal. 6.38 4.03 0.21 0.13 0.011 0.035 
Cast Bal. 6.39 3.85 0.21 0.11 0.003 0.01 
SPS Bal. 6.53 4.16 0.21 0.40 0.017 0.07 
Mill-annealing Bal. 6.59 3.90 0.21 0.20 0.006 0.02 
ASTM F1472-
14 [3] 
Bal. 
5.5-
6.75 
3.5-4.5 <0.30 <0.20 <0.015 <0.08 
 
2.2 Microstructure Characterisation 
Samples made by SEBM, SEBM + HIP, SLM and SLM + HIP were characterized 
parallel to the AM direction. As for the mill-annealed sample, a surface along the rolling 
direction was exposed for microstructure characterization and subsequent corrosion 
tests. Prior to cold mounting, all samples were ground with SiC papers down to 1200 
grit and characterized by an X-ray diffractometer (Cu Kα; Bruker D4 ENDEAVOR 
with Lynx-Eye PSD, operated at 40 kV and 35 mA with a step size of 0.02o and a dwell 
time of 1 s per step). Then each sample was soldered with a copper wire at its back (for 
electrochemical test) and cold-mounted in epoxy resin. They were ground with SiC 
papers down to 2000 grit, following by final polishing with an OP-S 0.04 μm 
suspension and cleaned in an ethanol ultrasonic bath. A scanning electron microscopy 
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 (SEM, Zeiss Merlin) equipped with Oxford Link energy dispersive X-ray (EDX) 
microanalysis hardware was applied for microstructure observation. After that, each 
resin-mounted sample was etched by Kroll Reagent (3 ml 48% HF, 6 ml 70% HNO3, 
100 ml water) for metallurgical microstructure observation under optical microscope 
(OM).  
2.3 Electrochemical Tests 
Electrochemical tests were conducted in a Bio-logic VMP3 electrochemical station. A 
three electrode cell was used for electrochemical measurements. A saturated calomel 
electrode (SCE, 0.241 V offset potential vs. standard hydrogen electrode) and a graphite 
grid were used as the reference electrode and counter electrode, respectively. The cold-
mounted samples served as working electrodes after re-polishing with 2000 grit SiC 
paper and OP-S 0.04 μm suspension and cleaning in ethanol ultrasonic bath. The surface 
areas exposed to the electrolyte were 1.25 cm2, 1.01 cm2, 1.46 cm2, 0.93 cm2, 1.475 
cm2, 1.00 cm2 and 0.80 cm2 for SEBM, SEBM + HIP, SLM, SLM + HIP, as-cast, SPS 
and mill-annealed samples, respectively. Hank’s solution was used as the electrolyte 
with the following composition: 0.185 g CaCl2, 0.4 g KCl, 0.06 g KH2PO4, 0.1 g MgCl2-
6H2O, 0.1 g MgSO4-7H2O, 8.0 g NaCl, 0.35 g NaHCO3, 0.48 g Na2HPO4 and 1.00 g d-
glucose in 1 litre of milli-Q water. The pH of the solution was adjusted with HCl to 7.2 
~ 7.6. All experiments were carried out under naturally aerated conditions. The 
temperature of the electrolyte was maintained at 37oC throughout each test by using a 
thermostatically controlled water bath. Each working electrode was stabilized for 4 h 
in the Hank’s solution to reach its open circuit potential (OCP). The polarization tests 
were subsequently performed with a scan rate of 0.5 mV/s ranging from -1500 to 2500 
mV versus SCE. Three tests were conducted for each sample. The corrosion current 
density (icorr) was determined by extrapolation of the cathodic branch of the polarization 
curves to the corrosion potential (Ecorr). The surface morphologies after polarization 
were characterized by SEM in the secondary electron (SE) mode. 
3. Results 
3.1 Microstructure 
The optical microstructures of the seven different Ti-6Al-4V samples are shown in Fig. 
1. Both SEBM and SLM resulted in prior β columnar grains along the build direction. 
The width of the prior β columnar grains in each sample varies but SLM led to coarser 
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 columnar grains (100 ~ 150 μm wide) than SEBM (50 ~ 100 μm wide) as shown in Fig. 
1a and c. The SEBM Ti-6Al-4V microstructure was mainly composed of fine lamellar 
α/  (α laths: ~0.7 μm wide) and grain boundary (GB) α (Fig. 1b). In contrast, SLM 
Ti-6Al-4V (Fig. 1c and d) showed an essentially complete martensitic (α′) 
microstructure. Martensitic laths (long black phases) originated from the prior β grain 
boundaries and traversed the columnar grains as a result of the β → α′ martensitic 
transformation. The martensitic laths were about 2-3 μm wide (Fig. 1d). This 
microstructure is typical of SLM Ti-6Al-4V [27, 28]. The prior β columnar grain 
boundaries were retained after HIP for both SEBM and SLM Ti-6Al-4V samples (Fig. 
1e and f, respectively). However, the α lath thickness increased significantly from ~0.7 
μm to ~3.0 μm in the SEBM+HIP sample, and the martensite phase (α′) in the 
SLM+HIP sample transformed into the α phase with a slight increase in lath width 
(from 2.5 μm to 2.7 μm). The microstructure of the as-cast Ti-6Al-4V sample shown in 
Fig. 1g consisted of massive prior β grains (3-5 mm) which transformed to lamellar α/β 
structures (α lath width: 4.5 μm) with GB α. The SPS-fabricated Ti-6Al-4V sample 
showed a lamellar α/β structure with an average equiaxed grain size of ~80 μm and an 
α lath width of ~3.8 μm with a noticeable presence of GB  (Fig. 1h). Fig. 1i and j show 
the bimodal microstructure of the mill-annealed Ti-6Al-4V sample. Elongated α grains 
were evident with a size of ~5.7 μm in the transverse direction and ~22.1 μm in the 
rolling direction; the average α-lath spacing in the / colonies is ~1.2 μm. Table 2 
summarises the microstructural features in different samples manufactured.  
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 Table 2 Sizes of prior β grains and α laths in Ti-6Al-4V samples manufactured by 
different methods. 
Manufacturing methods 
Prior β columnar grain 
width (μm) 
α lath width (μm) 
SEBM 50 - 100 0.7 
SLM 100 - 150 2.5 (αʹ) 
SEBM + HIP 50 - 100 3.0 
SLM + HIP 100 - 150 2.7 
Cast 
3000 - 5000 
(equiaxed  grain size)  
4.5 
SPS 
80 
(equiaxed  grain size) 
3.8 
Mill-annealing - - 
 
Fig. 2 shows the X-ray diffraction (XRD) patterns of the Ti-6Al-4V samples 
manufactured by the seven different methods. HIP resulted in a slight increase of the β 
phase in the SEBM sample as indicated by the intensity increase of (110)β. For the SLM 
sample, the majority of the α′ martensite phase decomposed into α and β during HIP, 
leading to the formation of a fine lamellar α + β structure as shown in Fig. 1f and Fig. 
2. The intensity ratios of diffraction peaks (0001)α to (101̅0)α are summarized in Table 
3. The ratios of I(0001)α/I(101̅0)α for SLM + HIP and mill-annealed samples reached 0.97 
and 1.76, respectively, indicative of significant textures aligned in the (0001) plane. 
Also listed in Table 3 are the lattice parameters and phase percentage calculated from 
XRD results. The αʹ phase in the SLM sample had slightly smaller lattice parameters 
than the α phase in other samples. The smaller lattice parameters of α′ might be due to 
the lattice distortion resulted from high residual stress retained from SLM process.  
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Fig. 1 Optical micrographs of Ti-6Al-4V alloy manufactured by different methods: (a, 
b) SEBM; (c, d) SLM; (e) SEBM + HIP; (f) SLM + HIP; (g) casting; (h) SPS and (i) 
mill-annealing. (b), (d) and (j) are higher magnification views of SEBM, SLM and 
Mill-annealing, respectively. Note the different scales in (b), (d), (i) and (j). 
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 Table 3 Lattice parameters and intensity ratio of XRD peaks in Ti-6Al-4V samples 
manufactured by different methods. 
Fabricating 
methods 
α lattice (Å) β lattice (Å) α Ti 
(wt. %) 
β Ti 
(wt. %) 
I(0001)α/ 
I(101̅0)α a c a 
SEBM 2.9282(1) 4.6707(2) 3.2090(7) 91 9 0.50 
SLM (αʹ) 2.9270(2) 4.6649(4) - 100 - 0.33 
SEBM + HIP 2.9286(1) 4.6706(3) 3.2169(5) 88 12 0.35 
SLM + HIP 2.9290(2) 4.6710(3) 3.2214(5) 84 16 0.97 
Cast 2.9283(2) 4.6744(3) 3.2311(6) 87 13 0.53 
SPS 2.9276(2) 4.6711(4) 3.2340(6) 89 11 0.32 
Mill-
annealing 
2.9255(2) 4.6700(3) 3.1843(5) 82 18 1.76 
* Lattice parameters were taken from the Pawley refinement obtain from TOPAS 
program. The values in brackets indicate the error range.  
The compositions of the α and β phases were analysed using SEM-EDX and the results 
are listed in Table 4. As expected, the β phase was enriched in V and Fe while the α 
phase was enriched in Al in each sample. No Fe was detected in the α phase in each 
sample while V was always detected. This indicates that Fe is a potent -stablizer or a 
potent anti-α phase element. Indeed, the solubility of Fe in α-Ti is almost zero at room 
temperature according to the binary Ti-Fe phase diagram. α and β phases in the SEBM 
sample exhibited the smallest difference in contents of Al and V compared to the α and 
β phases in other five samples (excluding the SLM sample which is fully martensitic) 
due to the relative fast cooling rate during SEBM process. This also reveals that the β 
phase that formed during SEBM process was still far from its equilibrium state.  
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 Table 4 Local composition analysis of the α and β phases determined by EDX. 
Fabricating 
methods 
α phase (wt.%) β phase (wt.%) 
Al V Fe Al V Fe 
SEBM 5.9±0.1 3.3±0.5 0.0 4.7±0.6 8.3±2.9 0.8±0.4 
SEBM+HIP 6.1±0.6 2.5±0.5 0.0 2.7±0.2 15.2±1.3 1.7±0.2 
SLM (α՛) 5.6±0.1 3.9±0.1 0.2±0.1 - - - 
SLM+HIP 6.5±0.0 2.0±0.1 0.0 3.4±0.4 11.1±1.5 1.1±0.2 
Cast 6.2±0.1 2.5±0.2 0.0 2.8±0.4 15.0±2.5 1.7±0.4 
SPS 6.9±0.1 2.0±0.2 0.0 4.3±0.2 10.3±0.6 3.6±0.3 
Mill-annealing 6.5±0.3 2.0±0.7 0.0 3.6±0.2 13.8±0.5 1.7±0.1 
 
Fig. 2 XRD patterns of Ti-6Al-4V samples manufactured by different methods. 
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 3.2 Potentiodynamic Polarization 
Fig. 3 a and b show the polarization curves of the seven different types of Ti-6Al-4V 
samples in Hank’s solution at 37oC. The corrosion potential (Ecorr) can be estimated 
from each polarization curve while the corrosion current density (Icorr) can be obtained 
by extrapolation of the cathodic branch of the polarization curves to the Ecorr. The 
resultant electrochemical parameters are listed in Table 5. The SEBM sample had the 
most negative Ecorr of -0.83 V, while the SLM sample had the noblest Ecorr of -0.43 V. 
The variation of Ecorr was only 0.40 V among all seven samples. The SLM sample 
exhibited the lowest Icorr value (0.043 μAcm-2), followed by the SLM + HIP sample 
(0.063 μAcm-2), while the SPS sample showed the highest Icorr value of 3.752 μAcm-2. 
The mill-annealed and SEBM + HIP samples showed similar Icorr values (0.375 vs. 
0.382 μAcm-2, Table 5). In general, for a good corrosion resistant surface, the Ecorr value 
is expected to be nobler while the Icorr value should be as low as possible. On this basis, 
the SLM Ti-6Al-4V sample showed the best corrosion resistance in Hank’s solution at 
37 C while the SPS Ti-6Al-4V sample displayed the worst corrosion resistance.   
It can be seen from Fig. 3 that except the SPS and as-cast samples, the rest five samples 
all showed two wide passive regions, Ep1 ~ Etrans and  Ep2 ~ Eb, as evidenced by the 
constant current densities (passivation current density, Ip) with the increasing potential. 
The ranges of passive regions are specified in Table 5. Both the SEBM and SLM 
samples showed similar curves to their respective samples after HIP (Fig. 3a), 
especially the SEBM and SEBM + HIP samples had close values of Ecorr, Ep1 ~ Etrans 
and Ep2 ~ Eb (Table. 5). After HIP, they both showed a slightly higher passivation 
current density Ip than before HIP. This suggests that the evolution of microstructure 
during HIP resulted in a deterioration of corrosion resistance. Both SEBM and SEBM 
+ HIP samples started rapid passivation without exhibiting an apparent activation 
dissolution as the potential increased from Ecorr. This indicates that the thickness of the 
TiO2 passive film that formed naturally and/or during open circuit potential was thick 
enough on the surface to overcome the anodic polarization in Hank’s solution at Ecorr 
and 37oC. In contrast, both SLM and SLM +HIP samples showed an apparent activation 
dissolution in the ranges of -0.43 ~ 0.24 V and -0.54 ~ 0.61 V, respectively (Fig. 3a), 
suggesting that more Ti dissolution had occurred and a thicker TiO2 passive film had 
formed. There was an apparent increase of current density between the two passive 
regions, called transpassive region, which may have contributed to the formation of 
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 TiO2 from TiO and Ti2O3 [29] or the onset of oxygen evolution [5, 30]. Fig. 3a shows 
that the SLM and SLM + HIP samples could keep being passivated until the test ran 
out (2.5 V). However, SEBM and SEBM + HIP samples started pitting at 1.46 V and 
1.55, respectively, or started showing oxygen evolution after repassivation featured by 
an intensive increase in current density. 
The response of mill-annealed sample was similar to that of the SEBM + HIP sample 
but without the oxygen evolution stage. The as-cast sample experienced two narrow 
passivation regions over -0.54 ~ -0.34 V and 0.28 ~ 0.70 V. After breaking down at 
0.70 V, the passive film was healed at 1.40 V and lasted until the test ran out. As regards 
the SPS sample, it had a clear activation dissolution in the range of -0.54 ~ 0.20 V, and 
after the passivation (0.20 ~ 0.75 V), the current density kept increasing with increasing 
potential, indicative of the breakdown of the passive film at Eb = 0.75 V and continual 
oxygen evolution. By comparing the values of Ecorr, Icorr and the polarization responses 
of all studied samples, the order of corrosion resistance can be presumed as follows: 
SLM > Mill-annealing > SLM + HIP > SEBM > SEBM + HIP ≫ Cast ≫ SPS. 
Table 5 Electrochemical parameters extracted from the polarization curves in Fig. 3. 
Fabricating 
methods 
Ecorr 
(VSCE) 
Icorr 
(μAcm-2) 
Ep1 ~ Etrans 
(VSCE) 
Ip1 
(μAcm-2) 
Ep2 ~ Eb 
(VSCE) 
Ip2 
(μAcm-2) 
SEBM -0.83 0.180 -0.66 ~ 0.15 0.237 0.55 ~ 1.46 2.461 
SEBM + HIP -0.81 0.382 -0.64 ~ 0.25 0.538 0.66 ~ 1.55 3.184 
SLM -0.43 0.043 0.24 ~ 1.50 2.337 1.92 ~ 3.359 
SLM + HIP -0.54 0.063 0.61 ~ 1.67 3.037 1.96 ~ 5.850 
Cast -0.74 1.003 -0.54 ~ -0.34 1.227 0.28 ~ 0.70 16.63 
SPS -0.54 3.752 0.20 ~  17.27 ~ 0.75 - 
Mill-annealing -0.79 0.375 -0.66 ~0.25 0.669 0.70 ~ 3.502 
Ecorr – corrosion potential; Icorr – corrosion current density; Ep – passivation potential; Ip 
– passivation current density; Etrans – transpassive potential; Eb – breakdown potential. 
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Fig. 3 Polarization curves of Ti-6Al-4V alloy manufactured by seven different 
methods in Hank’s solution at 37oC. Samples fabricated by SEBM, SEBM + HIP, 
SLM and SLM + HIP are plotted in (a), samples fabricated by cast, SPS and mill-
annealing are plotted in (b). 
3.3 Surface Characterization after Potentiodynamic Polarization 
The typical surface topographies of all investigated samples after anodic polarization 
are shown in Fig. 4. Two groups of bulges were observed on the surface of the SEBM 
sample after anodic polarization (Fig. 4a), and their orientations seem to be 
perpendicular to each other. There was a clear long pit in the middle of each bulge (see 
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 arrows). These bulges are believed to be lenticular martensite phases retained from the 
SEBM process. Midribs, which have a high density of twins, are one of the most 
important features of lenticular martensite since they are regarded as the starting point 
of martensite growth [31, 32]. Hu et al. [32] reported that the substructure of the midribs 
in TiAl alloy is more likely to be stacking faults rather than twins. For the SEBM + HIP 
sample, serious selective dissolution took place within the α laths leading to noticeable 
corrosion pits. As a result, the β phase was seen to be convex and some deep grooves 
developed at the α/β phase boundaries (arrows in Fig. 4b). The SLM sample surface 
exhibited a high density of fine acicular features (Fig. 4c), which are martensite laths 
or needles. Compared to the SEBM + HIP sample surface, the α laths on the SLM + 
HIP sample surface showed limited corrosion in general, while a small amount of α 
laths within the same α colony were seriously corroded (the arrows in Fig. 3d indicates 
the colony direction). Some acicular pits were observed within those long α laths. As 
regards the as-cast sample, serious attacks occurred within the α laths, which left many 
pits, corresponding probably to the pitting that occurred at the applied potential of 0.70 
V (Fig. 3b). A thick, porous, and cracked corrosion product layer was observed on the 
surface of the SPS sample which resulted from the much higher corrosion current 
density as indicated in the anodic polarization curve (Fig. 3b). Similar to the as-cast 
sample, the α phase in the mill-annealed sample received intensive corrosion, and the β 
phase was fragmented resulting in some deep grooves (see arrows in Fig. 4g). 
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Fig. 4 SEM images of the surfaces of Ti-6Al-4V alloy manufactured by seven 
different methods after anodic polarization test in Hank՛s Solution at 37oC: (a) SEBM; 
(b) SEBM + HIP; (c) SLM; (d) SLM + HIP; (e) cast; (f) SPS; (g) mill-annealing. 
. 
 
185
 4. Discussion 
The point defect model (PDM) proposed by Macdonald and co-workers [33] attributes 
the growth and breakdown of passive film to the ion transportation through the 
movement of vacancies, which is a migration/diffusion controlled process. According 
to the PDM, the growth of TiO2 passive film during anodization and the processes that 
generate and annihilate vacancies at the Ti/TiO2 and TiO2/solution interfaces can be 
depicted in Fig. 5, and the five corresponding electrochemical reactions indicated in 
Fig.5 can be described as follows. Ti ions (𝑇𝑖𝑇𝑖) and oxygen ion vacancies (𝑉𝑂
··) are 
generated at the Ti/TiO2 interface (Reaction (1) and (2)) and are transported across the 
TiO2 film to the TiO2/solution interface. Likewise, the Ti ion vacancies (𝑉𝑇𝑖
4′ ) and 
oxygen ions (𝑂𝑂) are generated at the TiO2/solution interface (Reaction (3) (4)) and 
transported across the TiO2 film to the Ti/TiO2 interface and then annihilated by 
emission of Ti ions and oxygen ion vacancies from the Ti base alloy in the TiO2 film. 
 
Fig. 5 Schematic illustration of the growth and dissolution of the passive film on Ti 
alloy based on the point defect model and five corresponding electrochemical 
reactions. The superscripts “●” and “/”denote positive and negative charges, 
respectively. 
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 The transportations of oxygen ion vacancies and oxygen ions result in the growth of the 
TiO2 film, while the transportations of Ti ion vacancies and Ti ions results in the 
dissolution of the TiO2 film. As seen in Fig. 5, Reactions (1), (3) and (4) conserve the 
film because they do not result in any movement of the interfaces. Reaction (2) results 
in the generation of new TiO2 film and Reaction (5) results in the dissolution of the film, 
both are non-conservative. At steady state, the reaction rates of (2) and (5) must be 
equal to ensure the thickness of the TiO2 remain unchanged. 
In this study, a large amount of aggressive chloride ions (Cl-) exist in the Hank’s 
solution. They can incorporate to the oxide film by occupying oxygen ion vacancies 
(Reaction (6)) due to their high electronegativity. The decrease of oxygen ion vacancies 
and the formation of absorbed anion (𝐶𝑙𝑂
· ) will lead to the increase of the Ti ion 
vacancy/oxygen ion vacancy pairs via a Schottky-pair type of reaction. New oxygen 
ion vacancies will react with more Cl- and result in more Ti ion vacancies. This 
autocatalytic process will promote Ti ion vacancies to pile up at the Ti/TiO2 interface, 
a breakdown of the TiO2 films will occurs when the film is detached locally from the 
base metal. 
𝑉𝑂
·· + 𝐶𝑙− → 𝐶𝑙𝑂
·                              (6) 
According to the mechanism proposed above, the local microstructural defects on the 
Ti-6Al-4V substrate (e.g. grain boundaries, phase boundaries, dislocation and twins) 
are believed to be weak spots which have a large number of vacancies and great degree 
of disorder, thus less bound to the oxide lattice, causing a faster transportation of metal 
ions and consequently a rapid breakdown of oxide film. The long pits in those bulges 
of the SEBM sample (Fig. 6a) resulted from a high density of defects (twins or stacking 
faults) aggregated at the midribs areas. As indicated by microstructure and XRD results, 
SLM is full of the α′ martensite phase. The diffusionless transformation from β to α′ 
during cooling after solidification led to the absence of solute partitioning. The 
homogenisation of single α′ phase can effectively contribute to the lowest vacancy 
density and hence the lowest corrosion rate when comparted to the other samples with 
dual α+β phases [34, 35].  
As for the dual α+β phases alloys, three factors should be taken into account for 
different corrosion behaviours: (i) intrinsic high density of vacancies and dislocations 
at the α/β boundaries which are readily attacked by the aggressive ions; (ii) a galvanic 
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 coupling between α and β phases influenced by the elemental partitioning in each phase 
[35-37]; and (iii) the interface area between the two phases.  
Because of the relative fast cooling process, the SEBM sample has the finest α laths (~ 
0.7 μm) which entails the largest α/β interface area. However, the relatively even 
distribution of the alloying elements in the α and β phases (Table 4) should lead to less 
galvanic coupling between α and β phases and compensate the effect of increased phase 
interface. This can be regarded as the reason why the SEBM sample still has good 
corrosion resistance. 
The sintering temperature in the SPS process was 1100°C, and a high concentration of 
vacancies was generated at the neck regions between particles and then condensed at 
the grain boundaries due to the solid phase sintering process [38]. Fine grains (~ 80 μm) 
in the SPS sample contributed to a high density of grain boundaries and thus a much 
faster corrosion rate than other samples. On the other hand, Fe content was found much 
higher in the β phase of the SPS sample, which would increase the galvanic interaction 
and accelerate initiating corrosion attack at the α/β interfaces. Moreover, He et al. 
suggested that the formation and dissolution rates of the passive films on the α and β 
phases were different due to the enrichment of different alloying elements [39]. The 
different film thickness on each phase and the preferential dissolution at the α/β 
interfaces can lead to a cracked salt layer covered on the surface.  
Except the grain size, the SEBM + HIP and as-cast samples had similar microstructures 
in terms of the α/β ratio, α lath width and alloying element distribution. The SEBM + 
HIP sample had much smaller grain size (50-100 μm) than the as-cast sample (3 - 5 
mm). Therefore, it had a higher density of grain boundary, and was expected to behave 
worse in anti-corrosion than the as-cast sample. However, the corrosion resistance of 
the as-cast samples was poorer instead. Residual stress and inhomogeneous 
compositional distribution associated with the casting process can be potential reasons 
for the corrosion resistance. 
Furthermore, it has been reported that crystallographic planes with higher atomic 
density exhibit higher resistance to corrosion [40-42]. It is believed that a loosely 
packed crystallographic plane has weaker ability to resist the attack from Cl- as more 
room is available for the formation of vacancies and penetration of Cl-. The basal plane 
(0001) is the most densely packed crystallographic plane in a HCP system. Matykina 
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 et al. [30] reported that the ability of Ti to grow a passive TiO2 film in HNO3 is least 
and most pronounced in (101̅0) and (0001) planes of the hcp unit cell, respectively, 
and the thicker TiO2 on (0001) plane exhibited higher corrosion resistance in Hank’s 
Solution. In this study, the SLM sample exhibited significant texture aligned in (0001) 
direction after HIP, and the mill-annealed sample had the same texture and was even 
more evident. They may have contributed to the high corrosion resistance of SLM + 
HIP and mill-annealed sample as indicated in potentiodynamic polarization tests.  
The grain size, phases, impure alloy elements, residual stress and textures all affect the 
density of defects and migration/diffusion process during polarization. Different 
fabricating methods can lead to variation of microstructures and thus different corrosion 
responses within the same Ti-6Al-4V system. Considering the high corrosion resistance, 
excellent mechanical properties [15, 17] and design flexibility, the microstructure of 
Ti-6A-4V fabricated by SEBM or SLM are desired for biomedical implant applications 
for long-term service. 
5. Conclusions 
The corrosion performance of Ti–6Al–4V alloy fabricated by seven different processes, 
namely SEBM, SEBM + HIP, SLM, SLM + HIP, mill-annealing, cast and SPS, has 
been assessed in Hanks՛ solution at 37 oC. The following conclusions were reached. 
 Owing to different microstructures, samples manufactured by different fabrication 
processes showed different potentiodynamic polarization responses. All 
microstructures exhibited spontaneous passivity in Hank’s solution. SLM Ti-6Al-
4V with single martensitic αʹ phase exhibited better corrosion resistance comparing 
to the dual α+β phase samples. The order of the corrosion resistance of samples 
made by different processes is: SLM > Mill-annealed > SLM + HIP > SEBM > 
SEBM + HIP ≫ Cast ≫ SPS.  
 The point defect model can be used to effectively explain the different corrosion 
performances of the Ti-6Al-4V samples studied. SEM studies of microstructures 
after polarization in Hank’s solution revealed that attacks were prone to initiate at 
the α/β interface and that the α phase was attacked much more seriously than the β 
phase. 
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  Alloying elements (Al, V and Fe) showed a relatively even distribution in SEBM 
Ti-6Al-4V samples. The extent of alloying partitioning in different phases seems 
to have a great influence on the deterioration of corrosion resistance. 
 Both SEBM- and SLM-fabricated Ti-6Al-4V can offer excellent mechanical 
properties and high corrosion resistance in Hank’s solution for biomedical implant 
applications.  
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  Summary and Future Work 
 Summary 
The research carried out in this thesis dealt with four different aspects of additive 
manufacturing (AM) of titanium and titanium alloys by selective electron beam melting 
(SEBM). Firstly, characterization of a low-cost novel Ti powder processed by a 
proprietary powder manipulation technology (PMT), discussed in Chapter 3, identified 
that the PMT is a cost-effective method for manipulating powder size and morphology 
that can be suited to AM by SEBM. Secondly, a detailed assessment of the 
microstructure and tensile properties of a SEBM-fabricated thick-section (34 mm thick) 
Ti-6Al-4V block sample, discussed in Chapter 4, gave an insight into the microstructure 
evolution during the SEBM process and the positional dependency of tensile properties 
within the block sample. Thirdly, the influence of as-built surface conditions on tensile 
and fatigue properties of SEBM-fabricated samples, discussed in Chapter 5, provided a 
comprehensive understanding of how tensile and fatigue properties can be affected by 
surface finish. Finally, the electrochemical responses of Ti-6Al-4V samples 
manufactured by seven different processes including SEBM, discussed in Chapter 6, 
provide a view of how the microstructures influence the corrosion performance. The 
major conclusions of each chapter are summarized as follows. 
 Manipulation and characterization of a novel Ti powder precursor for SEBM 
applications 
A novel low-cost Ti powder precursor (sponge Ti particles) has been manipulated via 
the PMT to produce an inexpensive, nearly spherical Ti powder for AM applications 
from feedstock that otherwise cannot be used for AM processes due to its larger particle 
size and unsuitable morphology. The PMT processing of a selected novel Ti powder 
precursor (sponge) produced more than 50 wt.% of titanium powder in the size range 
of 45-106 μm (usable for AM by EBM) and about 30 wt.% in the size range of less than 
45 μm (usable for AM by cold spray processes). The PMT is not only a cost-effective 
and safe size reduction method but can also effectively change particle morphology 
from irregular to near spherical. The external Arcam powder bed evaluation system can 
offer a quick and efficient assessment of the performance of feedstock powders prior to 
actual applications in an AM system. PMT-processed Ti powder with a size range of 
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 75-106 μm performed similarly in the external Arcam powder bed evaluation system 
compared to recycled Arcam Ti-6Al-4V powder (suited to SEBM). However, the use 
of the PMT-processed Ti powder in an Arcam A1 SEBM system under standard SEBM 
conditions produced much lower density and worse surface finish. Increasing melting 
times or decreasing the speed factor can effectively contribute to achieving a denser 
structure. The swelling feature that resulted from over-melting deteriorates the surface 
finish, while the shrinkage of volume affects dimensional precision. Double default 
melting produced the best overall as-built quality. Hot isostatic pressing (first at 850oC 
for 4 h and then at 930oC for 4 h, both under 150 MPa) can change the columnar prior-
β grains in the as-built Ti sample into equiaxed α grains. A purification effect was 
observed in the SEBM process, where the contents of O, N and H were much lower in 
the SEBM-fabricated sample than in the feedstock PMT-processed Ti powder. 
 Positional dependence of microstructure and tensile properties of a thick Ti-
6Al-4V block additively manufactured by selective electron beam melting 
A 34-mm thick Ti-6Al-4V block sample has been additively manufactured using SEBM, 
and its microstructure and tensile properties have been studied systematically 
corresponding to different build heights and positions. The as-built thick block sample 
showed non-uniformly distributed α and β phases throughout its entire volume. 
Marginally graded microstructure was observed due to cooling rates decreasing with 
increasing build height. The α-lath thickness increased with increasing distance from 
the side surface or bottom of the block. The influence of sample thickness on 
microstructure was further studied by comparing with the microstructure of a thin-
section cylindrical sample at different build heights. Special microstructural features 
observed in the thick block sample include abnormally coarse α laths, thick and tortuous 
grain boundary α and massive α phase grains. Their formation mechanisms were 
discussed. The local density of the block sample varied in the range of 99.4% ~ 99.8% 
due to the existence of voids and lack-of-fusion defects. About 70% of the defects were 
found to be greater than 10 µm, which were potentially more detrimental to fatigue 
properties than to tensile properties. Despite the microstructural inhomogeneity, the 
tensile properties of all 27 samples prepared from nine different build heights of the 
block sample satisfied the minimum requirements for mill-annealed Ti-6Al-4V, 
regardless of their positions in the block.  
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  The influence of as-built surface conditions and hot isostatic pressing (HIP) on 
tensile and fatigue properties of Ti-6Al-4V additively manufactured by SEBM 
The influence of surface conditions on the tensile and fatigue properties of SEBM-
fabricated Ti-6Al-4V has been investigated. Without surface modification, the as-
fabricated Ti-6Al-4V specimens showed tensile elongation (5.75%) far below the 
minimum tensile elongation (10%) required for mill-annealed Ti-6Al-4V, and also low 
ultimate tensile strength (UTS) and yield strength. Chemical etching using Kroll’s 
reagent doubled the tensile elongation and increased both the UTS and yield strength 
by 15% due to the much improved surface finish (the surface roughness was reduced 
from 38.9 μm to 10.9 μm), making the surface-etched Ti-6Al-4V specimens 
comparable to machined specimens. However, chemical etching has proved to be 
insufficient in improving the fatigue property. The fatigue life of surface-etched 
specimens was not comparable to that of the mill-annealed Ti-6Al-4V due to the 
sensitivity of high cycle fatigue to the residual surface defects. 
HIP treatment was applied to SEBM-fabricated Ti-6Al-4V fatigue specimens in order 
to enhance their fatigue performance. It was found that fatigue specimens machined 
from uniform cylindrical specimens with or without HIP can achieve fatigue life similar 
to that of mill-annealed Ti-6Al-4V. Although HIP can effectively improve fatigue 
performance by healing internal defects, the influence of surface defects on the fatigue 
performance is far greater than that of the internal defects. In other words, applying HIP 
to SEBM-fabricated Ti-6Al-4V in the as-built surface condition is not effective enough 
to improve the fatigue strength due to the overriding effect of the surface defects. The 
fatigue life of all the specimens investigated in this research followed the order of 
performance like this: samples machined from HIP-processed cylindrical samples > 
samples machined from as-fabricated cylindrical sample > HIP-processed dog-bone 
like fatigue samples with surface etching > as-fabricated dog-bone like fatigue samples 
with surface etching > insufficiently machined (removal of a 0.5mm thick surface layer) 
HIP-processed dog-bone like fatigue samples > insufficiently machined (removal of a 
0.5mm thick surface layer) as-fabricated dog-bone like fatigue samples > as-fabricated 
dog-bone like fatigue samples.  
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  Electrochemical responses of Ti-6Al-4V alloy made by seven different 
manufacturing processes including SEBM in Hank’s solution at 37oC for 
medical applications 
The corrosion performance of Ti–6Al–4V alloy fabricated by seven different processes, 
namely SEBM, SEBM + HIP, SLM, SLM + HIP, mill-annealing, casting and SPS, has 
been assessed in Hanks՛ solution at 37 oC. Owing to different microstructures, samples 
manufactured by different fabrication processes showed different potentiodynamic 
polarization responses. All microstructures exhibited spontaneous passivity in Hank’s 
solution. SLM Ti-6Al-4V with single martensitic αʹ phase exhibited the best corrosion 
resistance of the dual α+β phase samples. The order of the corrosion resistance of 
samples made by different processes is like this: SLM > Mill-annealed > SLM + HIP > 
SEBM > SEBM + HIP ≫ Casting ≫ SPS. The point defect model can be used to 
understand the different corrosion performances of the Ti-6Al-4V samples studied. 
SEM studies of microstructures after polarization in Hank’s solution revealed that 
attacks were prone to initiate at the α/β interface and that the α phase was attacked much 
more severely than the β phase. Alloying elements (Al, V and Fe) showed a relatively 
uniform distribution in SEBM Ti-6Al-4V samples. The extent of alloying elements 
partitioning in different phases seems to have a great influence on the deterioration of 
corrosion resistance. Both SEBM- and SLM-fabricated Ti-6Al-4V can offer excellent 
mechanical properties and high corrosion resistance in Hank’s solution for biomedical 
implant applications. 
 Recommendations for Future Work 
This thesis has identified a number of important issues which need to be addressed in 
future for AM of titanium alloys. They are listed below. 
 Optimization of HIP parameters for Ti samples made from PMT-processed 
Ti powder  
A further study is needed to optimize the HIP parameters which can lower the porosity 
and avoid the excessive growth of grains in SEBM samples manufactured using the low 
cost PMT-processed unalloyed Ti powder in Chapter 3. 
 New powder precursors for the PMT process 
The proprietary powder manipulation technology (PMT) used in Chapter 3 is a low cost 
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 and effective method for producing spherical powder for AM applications. The Ti 
powder precursor used in Chapter 3 has an intrinsically porous internal structure which 
deteriorates the density and dimensional precision of final SEBM build. Employing 
dense powders as precursors, like HDH Ti powder, are expected to offer higher build 
quality.  
 Optimization of process parameters and geometric designs for 
microstructural control  
Different thermal histories during AM can result in different microstructures. 
Optimization of process parameters and geometric designs via experiments and 
modelling can enable more effective microstructure.  
 Surface finish improvements 
Surface finish can be decisive in determining the mechanical properties of AM products, 
especially for those intricate parts which contain fine internal structures. It is necessary 
to continue to improve the AM process and explore suitable post surface treatments for 
better surface finish. Moreover, it is useful to identify the minimum working allowance 
for SEBM-fabricated products. 
 Defect control and post-processing  
There are two general types of defects in as-built Ti-6Al-4V, lack-of-fusion defects and 
voids. These defects significantly deteriorate the HCF performance. Defect control by 
using feedstock powder (e.g. PREP powder) that is essentially free of internal defects 
and by further optimizing the SEBM parameters are expected to be able to mitigate the 
formation of defects, particularly to reduce the skin effect near the contour. HIP is 
currently the only technique that can be used to post-heal the residual defects. The 
microstructure/texture evolution during HIP and subsequent deformation mechanism 
could be another important research topic. 
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Abstract. Powder metallurgy (PM) of titanium hydride (TiH2) has emerged as an attractive 
alternative to PM of Ti. Microwave (MW) heating has the potential to further facilitate the 
development of PM TiH2 as TiH2 is essentially a ceramic material. A detailed assessment has been 
made of the effectiveness of MW heating of Ti-xTiH2 (x = 0-100) powder compacts through 30 
experiments conducted under a variety of conditions. MW hybrid heating (i.e. when assisted with a 
SiC MW susceptor) proved to be reliable and consistent in heating Ti-xTiH2 powder compacts and 
the heating rate increased progressively with increasing TiH2 powder content, indicating that TiH2 
powder is more responsive to MW heating than Ti metal powder. However, heating of TiH2 powder 
compacts by MW radiation without the assistance of a SiC MW susceptor proved to be inconsistent 
and unpredictable, where successful heating (heated to 1300 ºC in 20 min) was achieved but many 
failures also occurred. However, the use of SiC can cause contamination (Si and C). The challenges 
of heating of TiH2 powder by direct MW radiation were discussed.  
1. Introduction 
MW heating or sintering has attracted much attention as a rapid, energy-saving fabrication approach 
for ceramics over the last three decades [1-4]. MW heating is based on the capability of a material 
to absorb the electromagnetic energy throughout the volume of the material and convert the energy 
into heat to reach the desired temperature [5]. The volumetric heating mechanism by MW radiation 
offers a relatively uniform temperature distribution and differs fundamentally from conventional 
heating methods. The capability of a material to couple with a MW electromagnetic field is 
measured by its dielectric constant εr΄ and dielectric loss εr˝. A higher value of εr˝ contributes to a 
better electromagnetic absorbability leading to more effective MW heating. In contrast, materials 
with low dielectric loss do not respond to MW heating effectively and would normally need 
assistance with high dielectric loss materials (i.e. susceptors), referred to as MW hybrid heating [6].  
MW heating has been used to sinter metal powders since the late 1990s [2, 7-15], including MW 
sintering of iron [7, 11, 12, 16], copper [7-9, 12], nickel [10, 12], aluminium [15] and magnesium 
[15] powders. The resulting microstructures were found to be finer and denser than those obtained 
from conventional sintering processes. As for PM Ti, earlier studies [17,18] indicated that Ti 
powder appeared to be inert to MW radiation as Ti is a paramagnetic metal (3d24s2). However, 
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with the assistance of a SiC MW susceptor, MW hybrid sintering of fine hydride-dehydride (HDH) 
Ti powder (<20 μm, 0.70% oxygen) in vacuum achieved about 96% of the theoretical density (TD) 
after sintering at 1200 ºC for 2 h [19]. Prior to that, Hayashi [20] reported that Ti powder compacts 
sintered in argon at 1327 ºC by MW radiation reached a maximum density of only 91.1%TD. 
TiH2 powder is a precursor of HDH Ti powder. Accordingly, PM TiH2 offers a more cost-effective 
approach to the fabrication of PM Ti products than PM Ti [21-25]. In addition, it has been found 
that the use of TiH2 powder led to higher sintered densities and lower oxygen contents in the as-
sintered products than the use of HDH Ti powder due to the in-situ dehydrogenation process [23, 
24]. Also, it has been suggested based on the Ti-H phase diagram [26] that fast heating of TiH2 
could avoid the formation of the α phase leading to direct δ→β transformation, which can promote 
the alloying process with β stabilizers. MW heating can readily achieve heating rates of more than 
50 K/min to take advantage of the direct δ→β transformation [27]. This can be regarded as an 
additional merit of applying MW heating to TiH2 powder.  Previous studies of MW heating of TiH2 
powder [28-30] were motivated from a hydrogen storage perspective and the temperature required 
is much lower than that required for sintering. Recently, Luo et al. [31] showed that TiH2 powder 
responded potently to MW radiation without the assistance of a MW susceptor and achieved much 
higher sintered densities (97.0-97.5%TD) than the use of HDH Ti powder (93.4-94.7%TD). This 
implies that TiH2 is capable of absorbing MW radiation to realize self-heating or to act as a MW 
susceptor. However, TiH2 powder is not really suited to green shape formation by cold compaction 
due to its ceramic nature. Consequently, it is necessary to mix the brittle TiH2 powder with ductile 
HDH Ti powder in order to improve its shaping capacity (each TiH2 particle in such Ti-TiH2 
powder mixtures has the potential to act as a MW susceptor to enable rapid volumetric heating). 
This study was carried out to assess the effectiveness of MW heating of TiH2 powder and Ti-TiH2 
powder mixtures in order to explore the synergy of MW heating and TiH2 powder for the 
fabrication of lower cost PM Ti and Ti alloys. 
2. Experimental 
TiH2 powders received from two suppliers (-100 mesh, >94.5%Ti, 0.25%O, Baoji Unique Titanium 
Industry Co. Ltd, China and -325 mesh, 99.1%TiH or 3.5%H, 0.05%Fe, 0.02%Cl, 0.035%N and 
0.02%C OSAKA Titanium technologies Co. Ltd. Japan) were used. The HDH Ti powder (-100 
mesh, 99.4%Ti, 0.20%O) was supplied by Kimet Special Metal Powder Co. Ltd, China. Powder 
mixtures of Ti-xTiH2 (x = 10, 20, 30, 50, 70 and 100 wt. %) were prepared in a Turbula mixer for 
30 min. Cylindrical samples of Φ10mm and Φ20mm (height varies), cuboidal samples 
(L55mm×W10mm, thickness varies) and dog-bone shaped samples (2.7mm×3mm cross section and 
15mm gauge length, 56mm length in total) were uniaxially compacted in floating dies under 
600MPa, 200MPa, 200MPa, and 750MPa, respectively. Acrowax C powder was slightly applied to 
the die wall as lubricant. Ti sponge particles (< 2mm, 99.3% Ti, supplied by Kimet) were pressed 
into thin rectangular bars (55mm×10mm×2mm) at 100MPa to serve as impurity absorbers for dog-
bone samples during sintering.  
A high-vacuum (10-3 Pa) multimode 2.45 GHz MW furnace (HAMilab-HV3, Synotherm, China) 
with a 3 kW power output was used to study the responses of Ti-TiH2 powder mixtures to MW 
radiation and MW hybrid heating. Four Al2O3 insulation packages with different cavity designs 
were used for heat preservation. These include a cuboidal cavity of 40mm×40mm×40mm and three 
cylindrical cavities of Φ35mm×40mm, Φ90mm×60mm without a MW susceptor and 
Φ90mm×60mm with a SiC MW susceptor. Fig. 1 shows these designs while Fig. 2 illustrates the 
experimental setup in the MW furnace in which the Al2O3 package was placed on a turntable 
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rotating at a speed of 4-5 rpm during heating. Temperature was measured using an infrared 
pyrometer (MM2MH, Raytek Co., Santa Cruz, CA, 450 ºC to 2250 ºC) from the surface of a 
reference sample and controlled by regulating the MW power input, which is adjustable from 0.3 
kW to 2.85 kW, with a minimum increment of 1 W. The input MW power and reflected power for 
each heating trial were recorded. For optical microscopy as-sintered specimens were ground, 
polished and etched following the typical procedure described in Ref. [19].  
 
Fig. 1 Al2O3 insulation packages with different cavity designs: (a) cubic, 40mm×40mm×40mm;  
(b) cylindrical, Φ90mm×60mm; (c) cylindrical, Φ35mm×40mm (schematic); and (d) cylindrical, 
Φ90mm×60mm with a SiC MW susceptor (schematic).  
 
Fig. 2 Schematic illustration of MW sintering configuration [19]. 
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3. Results and discussion 
3.1 Heating of Ti-xTiH2 powder compact samples by direct MW radiation  
As expected, the green shape formation of Ti-xTiH2 powder mixtures (x = 10%  to 70%) by 
uniaxial cold compaction was found to be much easier than that of TiH2 powder alone even though 
the samples were just small and simple (cylinders and cuboidal bars). Tables 1-3 summarize the 
results obtained from MW radiation of various Ti-xTiH2 samples in 25 experiments under different 
conditions. Samples in seven experiments were successfully heated to more than 1300 ºC. These 
include a Φ20mm sample of Ti-20%TiH2 (No.22), a Φ20mm sample of Ti-50%TiH2 (No.3), two 
Φ20mm samples of 100%TiH2 (Nos. 10 and 11) and three tensile bar samples of 100%TiH2 (Nos. 
17, 18 and 19, where each of Nos. 17 and 18 is half a tensile bar sample). They were achieved in 
three different cavities, Figs. 1 (a), (b) and (c). Fig. 3 (a) plots the heating curves recorded from 
experiments of Nos. 3, 10 and 22. The average heating rate increased from 18 ºC/min for the Ti-
20%TiH2 sample (No. 22) to 76 ºC/min for the Ti-100%TiH2 (No. 10) with the same power input, 
which is shown in Fig. 3(b). The heating rate achieved for the Ti-50%TiH2 sample (No. 3) was 70 
ºC/min, close to that (76 ºC/min) achieved for Ti-100%TiH2 sample (No. 10). The input power 
programme was the same for all samples, starting from 300 W with an increment of 50 W per 
minute. The reflected MW power was generally lower than 100 W, indicative of the consistent 
performance of the MW system. These successful heating experiments would have seemed to be 
adequate for one to conclude that Ti-xTiH2 powder compacts can respond to direct MW radiation 
for effective heating. However, no clear heating response was recorded from the Ti-xTiH2 samples 
in 18 other experiments completed. Effort was made to increase the MW input power to 1400 W in 
Experiment No.12 (see Fig. 4) in order to trigger the expected heating response from the Ti-100% 
TiH2 sample but with no success. The reflected MW power reached 300 W at the input power of 
1400 W. No further increase in the MW input power was explored as the high reflected MW power 
poses a risk of damaging the magnetron in the MW system. The reflected MW power showed 
significant fluctuations as the dehydrogenation of TiH2 started, Fig. 3(b). However, a gradual 
increase in reflected MW power is achievable with increasing input MW power when no heating 
response is observed in Ti-xTiH2. This is shown in Fig. 4. 
A closer analysis of the experiments in Tables 1-3 led to the following additional observations. 
• Out of the 11 experiments conducted with 100%TiH2, samples in five experiments 
responded well to direct MW radiation while the rest showed weak or no response under 
similar experimental conditions. On the one hand, this confirms that TiH2 powder can 
respond well to direct MW radiation as reported previously [30, 31] but on the other hand it 
shows that there can be significant inconsistency in heating by MW radiation.            
• No clear response was observed from samples containing 100% or 90% HDH Ti powder in 
all five experiments conducted. This observation supports current understanding that HDH 
Ti metal powder does not respond or responds very weakly to direct MW radiation. 
• Heating in a lower vacuum (Nos. 24 and 25) provided no assistance in achieving a positive 
response. The use of a low vacuum was found to be in favour of the generation of electric 
arcs or plasmas during the heating of TiH2 powder by MW radiation [31].  
• The sample shape and the sample size in relation to the insulation cavity appear to affect the 
response of TiH2 samples to MW radiation but further statistical evidence is needed to 
support this conjecture. 
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• The TiH2 powder content in the Ti-xTiH2 powder mixture played a role. Out of the seven 
successful experiments, five samples contained 100%TiH2; one sample contained 50wt.% 
TiH2, and only one sample contained 20wt.% TiH2. On the other hand, it can be inferred 
from the experiments of Nos. 5-13 that the response of TiH2 powder to MW radiation 
depends not only on the titanium hydride material itself. There are some unidentified factors 
which can also dictate the heating response of TiH2 powder.       
• No self-heating effect was observed in the specially designed sample of Ti-10%TiH2 shown 
in Fig. 5 where the inner cylindrical sample of TiH2 was expected to serve as a MW 
susceptor to heat the outer HDH Ti sample.  
• For all the Ti-xTiH2 samples (x ≥ 10wt.%) which failed to be heated to the pre-determined 
sintering temperature, they were hot when removed out of the MW furnace. This indicates 
that these samples have absorbed some MW energy because the Al2O3 package is a poor 
MW energy absorber and is used only for heat preservation.   
• Experiment No. 20 was specifically designed to address the concern of lack of adequate 
contact between samples and MWs during MW radiation. In this experiment, a total of 12 
Ti-xTiH2 samples containing six different levels of TiH2 (see No. 20 in Table 2, two 
samples for each level) were placed in a circle in the cavity (Fig. 1 (b)) and at the centre was 
a Φ20 mm TiH2 reference sample (2 g), which was also used for temperature measurement. 
No sample exhibited effective coupling with MW radiation in this design.  
It is clear from these observations that even though TiH2 powder may be intrinsically responsive to 
MW radiation, there are other factors which could interfere with its response. These unknown 
factors may include the impurity in TiH2, sample shape, sample size, cavity shape and size, and 
characteristics of the MW source. More effort is needed to identify and clarify these unknown 
factors from both experimental and theoretical perspectives. 
Table 1. MW heating results of Ti-xTiH2 samples in a 40mm×40mm×40mm cavity without a SiC 
MW susceptor (see Fig. 1(a)).  
No. TiH2wt.% in Ti-xTiH2  
Shape of 
sample 
Mass of sample 
(mTi + mTiH2)  
Response 
to MW  
1 30 Φ20  4.7g + 2g x 
2 30 Φ20  4.7g + 2g x 
3 50 Φ20  2g + 2g √ (1328oC) 
4 70 Φ20  0.9g + 2g x 
5 90 Φ20  0.2g + 2g x 
6 90 Φ20 0.2g + 2g x 
7 100 Φ20 2g + 0g x 
8* 100 Φ20 2g + 0g x 
9* 100 Φ20 2g + 0g x 
10 100 Φ20 3g + 0g √ (1400 oC) 
11 100 Φ20 3g + 0g √ (1410 oC) 
12 100 Φ20 5g + 0g x 
13 100 Φ20 15g + 0g x 
Note: "x" means that the sample temperature is lower than the infrared pyrometer detection limit of 
450 oC. 
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"√" means successful heating by MW from room temperature (RT) to the temperature given in 
parentheses.  
* Samples No.8 and No.9 used -325 mesh TiH2 powder from OSAKA Titanium Technologies Co. 
Ltd. Japan while the rest samples including those listed in Table 2-3 used -100 mesh TiH2 powder 
from Baoji Unique Titanium Industry Co. Ltd, China. 
Table 2. MW heating results of Ti-xTiH2 samples in a Φ90mm×60mm cavity                          
without a SiC MW susceptor (see Fig. 1(b)). 
No. TiH2wt.% in Ti-xTiH2  
Shape and number of 
samples* 
Mass of samples 
(mTi + mTiH2) 
Response to 
MW  
14 0 1× cuboidal bar, 1×Φ20 20g + 0g  2g + 0g x 
15 10 1× cuboidal bar, 1×Φ20 18g + 2g 1.8g + 0.2g x 
16 10 1× cuboidal bar, 1×Φ20 18g + 2g 1.8g + 0.2g x 
17 100 1× half tensile bar, 1×Φ20 
0g +1.8g 
0g + 2g √ (562
 oC) 
18 100 1× half tensile bar, 1×Φ20 
0g + 1.8g 
0g + 2g √ (1300
 oC) 
19 100 1× tensile bar,  1×Φ20 
0g + 3g 
0g + 2g √ (1310
 oC) 
20 0, 20, 30, 50, 70, 100 
12×Φ10,  
1×Φ20 (Fig. 1(b))  
12×3g** 
0g + 2g x 
21 10  A specially designed sample, see Fig. 5 18g + 2g x 
Note: *The 20mm diameter disk sample (2 grams each) included in each experiment was used for 
temperature measurement. It has the same composition as the rest samples. The exception is 
Experiment No. 20 in which the 20mm diameter disk sample is a TiH2 sample (100% TiH2). 
**Samples containing 0, 20%, 30%, 50%, 70% and 100%TiH2 were heated in one batch. Each 
sample weighs 3 grams and two samples of each composition (12 samples in total) were included 
(see Fig. 1(b)). 
Table 3. MW heating results of Ti-xTiH2 samples in a Φ35mm×40mm cavity                          
without a SiC MW susceptor (see Fig. 1(c)). 
No. TiH2 wt.% in Ti-xTiH2  
Shape of 
sample 
Mass of samples 
(mTi + mTiH2)  
Response to 
MW  
22 20 Φ20 12g + 3g √ (1080 oC) 
23 50 Φ20 3g + 3g x 
24* 50 Φ20 3g + 3g x 
25* 100 Φ20 0g + 3g x 
Note: *A low vacuum of 10-1 Pa was used.   
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3.2 MW hybrid heating of Ti-xTiH2 powder compact samples  
MW hybrid heating has proved to be effective for heating Ti powder [19, 27, 31-33]. In this study, a 
SiC MW susceptor with a cylindrical cavity of Φ90mm×60mm (Fig. 2(d)) was included into the 
Al2O3 insulation package. Table 4 summarises the high heating consistency achieved. As an 
example, Fig. 6 shows the heating curves for experiments Nos. 26-30. In particular, it was found 
that the average heating rate increased progressively from 34 oC/min with 100%HDH Ti samples 
(No.26) to 55 oC/min with 100%TiH2 samples under the same heating conditions. This supports 
earlier observations that TiH2 powder can respond to MW radiation while HDH Ti metal powder 
does not. Heating in a low vacuum (No.30 in Table 4) resulted in a decrease in heating rate by 10 
oC/min. This can be attributed to the generation of electric arcs or plasmas which can block direct 
MW radiation to samples as shown previously [31]. In MW hybrid heating, SiC works like a heater 
of a normal furnace, particularly in the beginning of the heating cycle as discussed previously [19].   
 
Fig. 3 (a) Heating curves of Ti-xTiH2 powder compacts. (b) Input and reflected MW power profiles 
of sample No.10. Reflected power fluctuated as TiH2 dehydrogenated from 10 mm to 15 min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Input MW power and reflected MW power 
profiles in Experiment No.12, showing a gradual 
increase of reflected power with the input power. 
 
Fig. 5 Illustration of sample No. 21: the 
inside TiH2 cylinder was pressed at 
600MPa and then enveloped by a HDH 
Ti sample pressed at 200MPa. 
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Table 4. MW heating results of Ti-xTiH2 powder compact samples in a cylindrical cavity of 
Φ90mm×60mm with a SiC MW susceptor (see Fig. 1(d)). 
No. TiH2 wt.% in Ti-xTiH2 samples 
Shape of 
sample* 
Mass of 
samples 
(mTi + mTiH2) 
Response  
to MW 
Heating rate 
achieved 
(oC/min) 
26 0 1× Φ20 15g + 0g √ (1325 oC) 34 
27 20 3× tensile bar, 1× Φ20 
3×4g 
1.8g + 0.2g √ (1200
 oC) 38 
28 30 3× tensile bar, 1× Φ20 
3×4g 
1.4g +0.6g √ (1204
 oC) 44 
29 100 3× tensile bar, 1× Φ20 
3g×4g 
0g + 2g √ (1300
oC) 55 
30† 100 3× tensile bar, 1× Φ20 
3×4g 
0g + 2g √ (1300
oC) 45 
Note: *The 20mm diameter disk sample (2 grams) in each experiment was used for temperature 
measurment.  
†A low vacuum of 10-1 Pa was used.  
"√" means successful heating by MW radiation from RT to the temperature given in parentheses.  
 
Fig. 6 Heating curves recorded from experiments Nos. 26-30 by MW hybrid heating. 
Figs. 7 shows the microstructures of Ti samples sintered from 100%TiH2 in a low vacuum of 10-1 
Pa (No. 30 in Table 4) and in a high vacuum of 10-3 Pa (No. 29 in Table 4) by MW hybrid heating. 
All samples were heated to 1300 oC for 60 min of isothermal sintering. The resulting sintered 
densities are 97.4%TD for low vacuum sintering and 97.5%TD for high vacuum sintering. The 
residual pores are small (most pores < 20 µm) in both cases. These results demonstrate the 
effectiveness of using MW hybrid heating to sinter TiH2 powder compacts.  
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Fig. 7 Optical micrographs of Ti samples sintered from 100%TiH2 powder by MW hybrid heating. 
Samples were heated to 1300 ºC for 60 min of isothermal sintering. (a, b): low vacuum sintering 
(10-1 Pa, No. 30 in Table 4) and (c, d): high vacuum sintering (10-3 Pa, No. 29 in Table 4). Kimet 
TiH2 powder (-100 mesh) was used, pressed at 750 MPa. (a) and (c) are unetched showing the pores 
while (b) and (d) are etched showing the grain structures. 
Vacuum condition (low or high levels) is not the key factor which affects the heating response of 
TiH2 to pure MW radiation. With the assistance of a SiC MW susceptor, TiH2 can be consistently 
heated up under both conditions but heating in low vacuum is slower. In addition, the temperature 
fluctuations last longer because of the easier formation of MW-induced hydrogen plasmas in low 
vacuum. No noticeable difference was found to be related to the vacuum levels in terms of both the 
density and the microstructure of the as-sintered titanium. 
TiH2 was identified to be a MW absorbing material in previous studies [28-31]. Nakamori et al. [30] 
measured the dielectric constant and dielectric loss of TiH2 and concluded that the rapid heating of 
TiH2 is mainly due to its dielectric loss. The mechanisms responsible for the effective coupling of 
TiH2 powder with MW radiation has recently been summarized by Luo et al. [31]: (i) the electrons 
in the 3d shell of non-stoichiometric TiHx (x<2) could induce spontaneous magnetization, thereby 
making TiH2 more responsive to the H-field of MWs; (ii) the Ti–H bond of TiHx in all electron 
states is strongly polarized (Ti+H-) with an H–Ti–H angle of ~140º in the ground state or of ~150º in 
the second triplet state [34]; and (iii) MWs (2.45GHz) penetrate deeper in TiH2 (skin depth: 11 μm 
[29]) than in Ti (skin depth: 6.6 μm) at room temperature, which allows a higher volume fraction of 
a TiH2  powder particle to undergo MW absorption than the case for a Ti metal powder particle of 
the same size. Indeed, a number of samples (No. 3, 10, 11, 17-19 and 22) in this study showed 
excellent coupling with MW radiation. However, many failures also occurred as pointed out 
previously. In addition, attempts made by changing the TiH2 powder source, cavity shape and size, 
vacuum level and MW input power failed to identify the underlying reasons. The MW furnace used 
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was in good order as can be concluded from the consistent performance of the furnace with the 
assistance of a SiC MW susceptor (Fig. 1d, No. 26-30). The dictating factors thus remain unclear. 
The use of a SiC MW susceptor which has a high dielectric loss provides a simple solution to the 
effective heating and sintering of Ti-xTiH2 powder mixtures using MW energy. However, it should 
be noted that the use of a SiC MW susceptor can lead to noticeable contamination of Si and C in the 
as-sintered Ti and Ti alloys due to being radiated by MWs at the high sintering temperatures (≥1200 
ºC) for Ti [31]. In this regard, heating by direct MW radiation without the assistance of a SiC MW 
susceptor is still much preferred. The next step is to identify the unknown factors that interfere with 
the intrinsic response of TiH2 powder to MW radiation. 
4. Summary 
The following conclusions can be made from this experimental research. 
• TiH2 powder can be heated to temperatures greater than 1300 ºC by MW radiation without 
the assistance of a MW susceptor. However, the heating response of TiH2 powder to direct 
MW radiation was found to be inconsistent and unpredictable.  
• MW hybrid heating proved to be an effective and highly consistent heating method for Ti-
xTiH2 mixtures (x = 0-100) with relative density reaching more than 97.4 %TD.  
• The MW hybrid heating rate of Ti-xTiH2 powder compacts increased progressively with 
increasing TiH2 content in the Ti-xTiH2 mixture. This is consistent with the observation that 
TiH2 powder is more responsive to direct MW radiation than HDH Ti powder. 
• The use of a SiC MW susceptor can cause potential significant contamination of Si and C. 
In that regard, heating of TiH2 powder by direct MW radiation without the assistance of a 
SiC MW susceptor is preferred. However, there are unknown factors which can interfere 
with the intrinsic response of TiH2 powder to MW radiation making the heating process 
inconsistent.  
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